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 This study provides a holistic view of dust storms and transport in the eastern 
Great Basin, and is the first to analyze the meteorological, source, and chemical 
characteristics of dust production in this region. First, the climatology of dust storm 
events affecting Salt Lake City, Utah (SLC) was assessed, and the controls on 
atmospheric dust generation and transport documented. Records indicate seasonal and 
diurnal patterns, with dust storms typically occurring in spring months during the 
afternoon. Since 1930, SLC had 379 dust event days (DEDs), averaging 4.7 per year, 
with elevated PM10 exceeding National Ambient Air Quality Standards (NAAQS) on 16 
days since 1993, or 0.9 per year. Strengthening cyclonic systems are the primary 
producer of these dust storms. 
 Next anthropogenically disturbed areas and barren playa surfaces were identified 
as the primary dust source types contributing to dust storms in the region. Moderate 
Resolution Imaging Spectroradiometer (MODIS) satellite imagery during DEDs was 
analyzed to identify dust plumes, and assess the characteristics of dust source areas, 
which produce dust during the spring and fall and during drought. Most plumes originate 
from playas, classified as Barren land cover, with a silty clay soils; they often have 
anthropogenic disturbances, including military operations and water withdrawal. 
Disturbance is necessary to produce dust from vegetated landscapes in the region, 
  
 
evidenced by the new dust source active from 2008-2010 in the 2007 Milford Flat Fire 
scar, which underwent postfire land treatments. 
 Finally, the elemental composition of dust in the region was characterized. Dust 
and surface soil samples were collected, resuspended, and analyzed with Sychrotron X-
Ray Fluorescence (SXRF). Dust and soil from the eastern Great Basin are distinctly 
different, and identifiable. Within the dust and soil groups, however, large differences are 
not seen and individual samples cannot be identified by their elemental composition. 
Dust and soil from the eastern Great Basin tends to not be enriched in most major soil 
elements, excepting a large enrichment of Na in dust samples. Trace elements, however, 
show very large enrichment values for both dust and soil. The enrichment of dust samples 
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1.1. Introduction: environmental problem and goal 
1.1.1 Effects of dust 
 Dust transport from arid regions has a nonnegligible impact on the global climate, 
hydrological, biological, and human systems. On the local scale, dust transport into 
populated regions can lead to high levels of particulate matter, above internationally 
recommended levels, negatively impacting human health (e.g., Brunekreef and Forsberg, 
2005; Ozer et al., 2006; Goudie, 2009). Dust can transport bacteria and fungi, as well as 
high levels of trace metals such as arsenic (As) and mercury (Hg) (Reheis et al., 2002; 
Carling et al., 2012). Dust storms have also been shown to be a risk factor for increased 
respiratory and cardiovascular complaints (Meng and Lu, 2007). Significant dust storms 
can reduce visibility, limiting ground and air transportation, and causing highway deaths 
in severe cases (e.g., Pauley et al., 1996). Dust deposition on seasonal snowpack has been 
shown to increase melt rates, cause an earlier “snow-free” date of up to a month, and 
cause earlier and higher peak streamflows (Painter et al., 2007; Painter et al., 2010) 
(Figure 1.1). This has a larger impact on regions which rely on seasonal snowpack for 
their main water supply, which are often arid regions with adjacent mountains, such as 
2 
the intermountain west. 
 
1.1.2 Environmental problem 
 While some research has been done to identify general regions of dust transport, 
research is lacking in identification of specific dust sources that impact local areas in an 
acute way. Arid regions are becoming increasingly populated making the impact of dust 
transport more important moving into the future. In the western United States some 
research has been completed in the deserts of California and the Southern High Plains. 
However, little research is published on dust transport in Nevada and Utah, which are 
partly in the Great Basin Desert (Reheis et al., 2002; Lee et al., 2008). Utah, particularly, 
has its largest population center directly downwind of numerous dust source areas, 
namely, ephemeral terminal lakes known as playas, which are remnants of ancient Lake 
Bonneville (Figure 1.2). 
 Records since 1930 indicate that Salt Lake City, UT had 379 dust event days, an 
average of 4.7 per year (Hahnenberger and Nicoll, 2012). Air quality station data from 
the more populated regions of Utah, available since 1993, indicate that dust events have 
produced elevated PM10, exceeding NAAQS, on 16 days over the past 18 years, or 0.9 per 
year. On most dust event days PM10 values were elevated above background levels 
indicating a potential health impact on residents, especially sensitive groups such as the 
elderly and children. 
 Looking into the future, the western U.S., including Utah, is expected to become 
warmer and drier due to climate change (Cook et al., 2009; Giles, 2005). Further, 
development, agriculture, grazing, renewable energy development, and recreational use 
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on these arid lands will also likely increase due to increased population. These activities 
will result in larger areas of disturbed soil, which is more prone to dust transport (Belnap 
and Gillette, 1998). Therefore, it is important to identify current dust sources impacting 
this region, and determine what management steps could be taken in the future to 
mitigate this problem if deemed necessary. 
 
1.1.3 Goal of research 
 The overarching objective of this project is to determine the meteorological and 
physical characteristics of dust transport to the Salt Lake City Metropolitan area of Utah. 
The geochemistry, magnitude, and frequency of the flux of the dust leaving the source 
regions and depositing in the Wasatch Front have not been directly measured previously. 
Further, the impact of these dust storms on air quality in the Salt Lake City Metropolitan 
has not been previously quantified. This research is aimed at creating a tool for decision 
makers in this region to better understand dust transport in this area, how it impacts the 
populations of Utah, and what possibilities lie in the future for forecasting, control, and 
mitigation of this impact. 
 This study identifies the primary dust source regions and transport pathways that 
affect the Salt Lake City metropolitan area, and characterizes the meteorological 
conditions that lead to the entrainment and transport of dust in specific case studies. This 
detailed analysis of source areas and dust transport pathways is the first to demonstrate 
how the eastern Great Basin region produces a significant magnitude of dust that has 
measurable regional impacts. Identifying the synoptic conditions of dust transport in this 
region will assist in forecasting and monitoring these events, which pose concerns to a 
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large population of Utah residents. 
 Broader impacts of this research come on multiple scales. On the local spatial and 
short temporal scales, this research will aid in the forecasting and warning of these dust 
events, which allows citizens and municipalities to prepare and avoid the worst 
repercussions to health and transportation. Looking into the future, an understanding of 
how the dust flux varies under different climatic conditions can give us clues as to how 
this flux may change in the future, dependent on what climate regime changes are 
predicted for Utah from downscaled Global Circulation Models (GCMs). This change in 
future dust flux could have large impacts regionally, including changes in snowmelt rates 
and streamflows as well as human health impacts. This study will also analyze how 
disturbance events, such as wildfire, grazing, and water use, modulate dust flux, which 
can have implications for land management practices. Further, climatic and water use 
changes could impact levels of the Great Salt Lake (GSL), which could create a large 
new dust source that would impact the Wasatch Front. This could be of particular 
concern, as the sediments of the GSL have been shown to have large concentrations of 
methylated mercury (CH3Hg) (Naftz et. al., 2008), which if lofted and transported with 
dust could have significant health impacts on the Wasatch Front and beyond. 
 
1.1.4 Motivation 
 Numerous studies assessing regional and global production and transport of 
mineral dust have identified the semiarid eastern Great Basin region as a significant dust 
source in North America (e.g., Engelstaedter and Washington, 2007; Goudie, 1983, 2009; 
Prospero et al., 2002; Reheis, 2006). Dust transport modeling suggests that this source 
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region is globally important (e.g., Ginoux et al., 2001; Tanaka and Chiba, 2006; 
Woodward, 2001; Zender et al., 2003). However, dust storm events in the Great Basin 
have not been very well characterized. Recent concerns have escalated over how dust 
may influence the water supplies derived from snowpack (Painter et al., 2007; Painter et 
al., 2010) (Figure 1.1), human health effects (Derbyshire, 2007; Malek et al., 2006; 
Roberts and Martin, 2006; Hashizume et al., 2010), transport of bacteria and fungi 
(Griffin, 2007; Hallar et al., 2011), as well as the effects of haze and reduced visibility on 
transportation and crops (e.g., Brough et al., 1987). Despite its importance, limited 
research has been conducted to identify and describe the controls on dust mobilization 
and transport within the eastern Great Basin region. 
 Air quality and the health effects related to elevated airborne particulate matter 
levels (e.g., Pope III, 1991; Johnston et al., 2011; Sandstrom and Forsberg, 2008) are 
growing concerns in the Salt Lake City, UT metropolitan area (SLC), which is located on 
the eastern edge of the Great Basin physiographic province. SLC is currently one of the 
most densely populated urban corridors in the intermountain west (U.S. Census Bureau, 
2010). In addition to dust produced within city limits, large amounts of particulate matter 
are contributed to the region via both natural processes (e.g., wind erosion) and human 
activities (e.g., disturbance events such as cultivation and fires, e.g., Neff et al., 2008). 
Thus far, only local-scale controls on aerosols in the Salt Lake Valley have been assessed 
(Alexandrova et al., 2003; Shaw, 2008), with emphasis on transportation and industrial 
produced aerosols at the urban scale (e.g., Hanna et al., 2003; Long et al., 2003; 
Princevac and Venkatram, 2007). The degree to which regional dust transport influences 
aerosol concentrations in SLC has not been studied. Therefore, it is important to 
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determine the synoptic and mesoscale controls on regional dust transport and the 
magnitude to which these events impact this population center. 
 
1.2. Previous research 
 It has been established that three factors are necessary for effective regional dust 
transport (Goudie, 2009); in summary, these are (1) a source area of sufficient size 
containing deflatable particles, such as fine sediment or soil, that are available at the 
landscape surface; (2) low threshold friction velocities at the surface of the source region, 
which is enhanced by limited vegetation, low soil moisture, and/or an absence of physical 
or biological soil crusts; and (3) sufficient local and regional wind speeds to loft fine 
sediment particles to a sufficient atmospheric height, allowing transport at the regional to 
global scale. 
 
1.2.1 Large source areas 
 Sources of dust affecting SLC, located on the eastern edge of the Great Basin 
physiographic province, are thought to include nearby desert surfaces, including 
ephemeral lakes known as playas. Playas are among the dominant sources of dust in the 
world; these are flat sediment filled valleys located in deserts, where strong wind gusts 
entrain the surface particles, dispersing sediments aloft into the air (Giles, 2005; Gill, 
1996; Goudie, 1983, 2009; Pelletier and Cook, 2005; Reheis, 2006; Reynolds et al., 
2007). The Great Basin region is well known for its playas characteristically present in 
the Basin and Range landscape. In addition, ancient paleolakes such as Lake Bonneville 
and its modern remnant, the Great Salt Lake (Grayson, 2011) have deposited fine 
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deflatable sediments across a vast area spanning three states (Nevada, Utah, Idaho). 
 
1.2.2 Low threshold friction velocities 
 It has become apparent that deserts are not homogeneous dust sources (Prospero 
et al., 2002). Dust tends to be emitted from specific source regions, or hot spots, within 
deserts, which may include agricultural lands, dry watercourses, and playas (e.g., Gillette, 
1999; Washington et al., 2006; Engelstaedter and Washington, 2007; Lee et al., 2008). 
The Great Basin is a vegetation limited region with low surface roughness and many 
playas and dry sediments available as a continuous supply of deflatable soil (Gill, 1996; 
Grayson, 2011). 
 
1.2.3 High local and regional wind speeds 
 The third factor in regional dust transport is sufficient regional wind speeds. 
Jewell and Nicoll (2011) have documented the wind regimes of the Great Basin, and their 
effective aeolian transport of sand sized particles. In the drylands of southwestern North 
America, the most persistent episodes of high winds and blowing dust occur with the 
presence of a strengthening low pressure system over a dust source area (Brandli et al., 
1977; Sheppard et al., 2002; Novlan et al., 2007). In this pattern, a strengthening pressure 
gradient (cyclogenesis) in the prefrontal atmosphere creates strong and persistent south 
and southwesterly winds (in the northern hemisphere). 
 The eastern Great Basin region is well known for strong prefrontal south and 
southwesterly winds. These characteristic winds have even been named “Hatu winds,” 
“Utah” spelled backwards (Eubank and Brough, 1979). Hatu winds are recognized to 
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occur many times each year in the western valleys of Utah, and are typically associated 
with approaching cold fronts and deepening cyclonic systems. Hatu winds have been 
observed to be as strong as 93 mph (42 m s
-1
) (Brough and Stevens, 1989). An 
association of “Hatu winds” with dust storm events was noticed as early as 1910 (Brough 
et al., 1987). These dust events are reported most frequently during the months of March 
and April. Therefore, it is clear that the Great Basin region has the third ingredient for 
dust transport, namely, strong regional scale winds. 
 
1.3. Summary 
 This research project aims to quantitatively determine the meteorological controls, 
sources, and composition of dust to the Wasatch Front, UT. Dust storms in this region 
can be a significant impact to human health, visibility, transportation, chemical inputs to 
ecosystems, and changing rates of snowmelt in mountainous regions. The Wasatch Front 
is predicted to continue to increase in population in future years putting increasing stress 
on current and future water supply. This study aims to determine the causes of significant 
dust transport to the Wasatch Front region. The project will use unique instrumentation 
and analytical techniques to create a full picture of the dust transport complex in the 
eastern Great Basin. The unique methodology and experimental design will help gain 
new knowledge about dust transport to the Wasatch Front and Wasatch Mountains which 
will be applicable to interdisciplinary research studies in areas from forest ecology to 
hydrology to epidemiology. 
 The following chapter will analyze first, the meteorological controls on dust 
transport in the region, and its impacts on air quality; second, the characteristics of dust 
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sources and how they may change in response to disturbance and local hydroclimatic 
variability; and third, the chemical composition of dust and soil samples from a 
characteristic source area in the eastern Great Basin region. This project is the first 









Figure 1.2: Photo looking SE from the House Range of west-central Utah, viewing dust 
entrainment at the north end of the Sevier Dry Lake on 22 August 2010. 
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METEOROLOGICAL CHARACTERISTICS OF DUST STORM 
 








 This study assessed the mesoscale climatology of dust storm events affecting Salt 
Lake City, Utah (SLC) since the 1930s, and document the ascendant controls on 
atmospheric dust generation and transport in the semiarid Great Basin.  Records indicate 
a seasonal and diurnal pattern, with dust storms typically occurring in spring months 
during the afternoon. Since 1930, SLC had 379 dust event days (DEDs), averaging 4.7 
per year.  Air quality station data from populated regions in Utah indicate that dust events 
produced elevated PM10 exceeding NAAQS on 16 days since 1993, or 0.9 per year.  
Analysis of DEDs over the period 1948-2010 (n=331) indicates that approaching 
midlevel troughs caused 68% of these dust outbreaks and storms.  We analyzed two 
significant DEDs occurring on 19 April 2008 and 4 March 2009, both of which produced 
elevated particulate matter (PM) levels in the populated region surrounding SLC. 
                         
1
 Reprinted from Atmospheric Environment, 60, Hahnenberger, M., Nicoll, K., 
Meteorological characteristics of dust transport events in the eastern Great Basin of Utah, 
U.S.A., 601-612, Copyright (2012), with permission from Elsevier. 
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Strengthening cyclonic systems are the primary producer of dust outbreaks and storms; 
the Great Basin Confluence Zone (GBCZ) in the lee of the Sierra Nevada is a known 
region of cyclogenesis. These cyclonic systems produce strong southwesterly winds in 
the eastern Great Basin of Utah, termed “Hatu winds,” that exceed threshold friction 
velocities, entrain sediments and loft them into the atmosphere. Plumes identified in 
MODIS satellite imagery on case study DEDs indicate specific dust source areas, not 
widespread sediment mobilization. These “hotspots” include playa surfaces at Sevier Dry 
Lake, Tule Dry Lake, and the Great Salt Lake Desert, as well as Milford Flat, an area 
burned by Utah’s largest wildfire in 2007. The characteristic mountain-valley topography 
in the Basin and Range physiographic province creates terrain channeling that enhances 
deflation and funnels dust bearing winds toward SLC, a growing urban center. 
 
2.2. Introduction 
 Modeling and satellite observations suggest that the western U.S.A. is a 
significant dust contributor to the global budget (e.g., Ginoux et al., 2001; Woodward, 
2001; Zender et al., 2003; Tanaka and Chiba, 2006). Although numerous studies state that 
North American deserts export mineral dusts (e.g., Reynolds et al., 2007; Engelstaedter 
and Washington, 2007; Goudie, 1983, 2009; Prospero et al., 2002; Reheis, 2003, 2006), 
dust dynamics in the Great Basin region are not well characterized.  Recent publications 
about dust address snowpack and subsequent water supplies (Painter et al., 2007, 2010), 
air quality and human health (Derbyshire, 2007; Malek et al., 2006; Roberts and Martin, 
2006; Hashizume et al., 2010), microbial transport (Griffin, 2007; Hallar et al., 2011), and 
increases in haze and impaired visibility (e.g., Brough et al., 1987).  However, there is 
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only limited research about dust sources and aeolian transport within the eastern Great 
Basin (Jewell and Nicoll, 2011). 
 Air quality and health effects related to elevated airborne particulate matter levels 
(e.g., Pope, 1991; Sandstrom and Forsberg, 2008; Johnston et al., 2011) are growing 
concerns in the Salt Lake City, UT metropolitan area (hereafter abbreviated SLC), which 
is located in the eastern Great Basin (Figure 2.1). SLC is a densely populated area (U.S. 
Census Bureau, 2010) that is affected by dust storms (Figure 2.2), which mobilize 
particulate matter (hereafter, PM) derived from natural processes (e.g., deflation erosion; 
Gill and Cahill, 1992; Gill, 1996) and human activities (e.g., cultivation and disturbance 
events such as fires; Neff et al., 2008). Local scale controls on aerosols have been 
assessed in SLC (Alexandrova et al., 2003; Shaw, 2008), with emphasis on transportation 
and industrial PM at the urban scale (e.g., Hanna et al., 2003; Long et al., 2003; 
Princevac and Venkatram, 2007). The degree to which dust storms influence SLC aerosol 
concentrations has not been documented. 
 We characterize related regional meteorological conditions and identify controls 
on dust entrainment from primary source regions and transport pathways of dust events 
affecting SLC.  We analyze two dust event days (hereafter, DEDs) to describe the 
magnitude of PM pollution in SLC, and relate storm development and dust mobilization 
from source areas. Our analysis is the first to describe the synoptic and mesoscale 
meteorology leading to regional dust transport in the eastern Great Basin.  These analyses 





2.3. Methods and materials 
 We assessed meteorological datasets from 1930-2011 for Delta, UT (1973-2011) 
and SLC International Airport, UT (hereafter, SLC-IA) from the National Climatic Data 
Center (NCDC) Global Integrated Surface Hourly (ISH) database (NCDC, 2011) (Table 
2.1).  The ISH database includes worldwide surface weather observations from ~20,000 
stations, collected and stored by sources including the Automated Weather Network 
(AWN), Global Telecommunications System (GTS), and Automated Surface Observing 
System (ASOS). Meteorological data and surface observations were obtained from 
MesoWest, a collection of independently operated mesonets across the western U.S.A. 
MesoWest is managed jointly by the NOAA Cooperative Institute for Regional Prediction 
at the University of Utah and the SLC National Weather Service Forecast Office (Horel et 
al., 2002). 
 We designated a DED when at least one recorded observation at Delta or SLC-IA 
stations contained a weather code for airborne dust (06, 07, 08, 09, 30, 31, 32, 33, 34, and 
35; WMO code 4677, WMO 2010).  Records may not be complete because dust events 
are not automatically recorded and require a human observer to enter codes.  Delta station 
is sporadically staffed, and it is impossible to recognize nonevents (i.e., a dust free day) 
from days/times when staff was simply not present onsite.  Furthermore, airborne dust 
may be misidentified as haze. Since dust events may not be recognized or reported 
accurately, and depend on personnel, weather station records underestimate dust 
frequency, especially for less severe events.  Despite these limitations, however, recorded 
weather codes remain the best datasets available. 
 We analyzed air quality data monitored by the Division of Air Quality (DAQ) of 
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Utah's Department of Environmental Quality (DEQ) network (DAQ, 2011) (Table 2.2). 
Instruments measuring criteria pollutants are U.S. Environmental Protection Agency 
(EPA) reference or equivalent instruments in compliance with 40 CFR Part 58, Appendix 
C. We compiled daily average values for PM10 and PM2.5 (PM with aerodynamic 
diameters <10 and 2.5 μm, respectively) collected by manual gravimetric samplers at 
stations in some of Utah’s most populated areas.  
 We assessed air quality parameters PM10 and PM2.5, which are “criteria” 
pollutants regulated by the EPA according to the National Ambient Air Quality Standards 
(NAAQS) in the Clean Air Act as amended in 1990 (EPA, 2011).   Primary NAAQS 
standards set air pollution limits to protect public health, while secondary standards set 
limits for public welfare. For PM10 and PM2.5, primary and secondary standards are the 
same. The NAAQS for PM10 is 150 μg m
-3
 and for PM2.5 is 35 μg m
-3
 averaged over a 24-
hour period. PM2.5 must meet an annual average standard of 15.0 μg m
-3
. We evaluated 
air quality data during DEDs to develop comparisons with these 24-hour standards, 
considering that dust storms typically occur over short time scales (i.e., less than a day), 
and additional factors might contribute to annual pollutant averages. 
 Next, we obtained weather maps for DEDs to characterize the largescale synoptic 
meteorology using the NCEP/NCAR (National Center for Environmental 
Prediction/National Center for Atmospheric Research) reanalysis (Kalnay et al., 1996). 
This dataset has global coverage and a long period of record (1948-present). Daily 700 
mb geopotential height maps were constructed for each of the 331 DEDs from 1948-
2010. Each day was classified into five synoptic settings and by season to evaluate the 
dominant conditions: approaching trough, ridge over the region, trough over the region, 
22 
 
exiting trough, and zonal flow.   Daily data composites of multiple meteorological 
variables were created using all DEDs identified. To relate dust mobilization and 
transport with the progression of synoptic systems, composites were created for days 
prior to, and after DEDs. 
For defined DEDs, we analyzed MODIS (Moderate Resolution Imaging 
Spectroradiometer) imagery from the NASA Terra satellite. MODIS passes over Utah in 
the afternoon, which coincides with the maximum boundary layer depth and dust 
production. We assessed cloud free MODIS images to identify dust source areas or 
“hotspots,” and to assess dust plume characteristics including cardinal direction, extent 
and spread (e.g., Baddock et al., 2009; Ginoux et al., 2010). We selected two recent 
DEDs as case studies to correlate synoptic, mesoscale, and local factors of dust transport. 
Dates were chosen based on four criteria. First, a dust observation was recorded at either 
Delta or SLC-IA, and that day was designated a DED. Second, the dust event occurred 
after the year 2000, when MODIS began collecting data. Third, available MODIS RGB 
imagery was mainly cloud free and we could recognize ground features and identify dust 
plumes. Finally, elevated PM2.5 or PM10 values were recorded at one or more of the Utah 
DAQ air quality measurement sites. The days 19 April 2008 and 4 March 2009 met all 
these criteria. 
 For these DED case studies, we applied the NOAA (National Oceanic and 
Atmospheric Administration) HYSPLIT (Hybrid Single-Particle Lagrangian Integrated 
Trajectory) Model version 4.9 to calculate back trajectories and dynamic patterns 
governing air mass transport (Draxler and Hess, 2004). Calculated air parcel trajectories 
for these DEDs identified dust transport pathways (e.g., Katragkou et al., 2009; Rivera 
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Rivera et al., 2009; McGowan and Clark, 2008). HYSPLIT version 4.9 was run using 
NAM (North American Mesoscale) 12 km model meteorological data (Rogers et al., 
2009). Backward trajectories were run for the two DEDs on READY (Real-time 
Environmental Applications and Display sYstem) provided by the NOAA ARL (Air 
Resources Laboratory) (NOAA, 2011). Trajectories started in SLC, UT at 1200 MST 
(1900 UTC) on 19 April 2008 and 4 March 2009, at heights of 100, 500, and 1000 meters 
above ground level (AGL). Backward trajectories were run for 12 hours, with vertical 
motion calculated using NAM12 model vertical velocity. 
 
2.4. Results 
2.4.1 Temporal and seasonal distribution of all DEDs 
 Delta station reported 80 DEDs during the period from 1973-2011, ~2 events per 
year. SLC-IA reported 379 DEDs from 1930-2011, or 4.7 events per year. The greater 
number of DEDs at SLC-IA may reflect more daily observations due to rigorous 
recordkeeping at this staffed station. 
Over an annual basis, DEDs are not equally distributed (Figure 2.3). At Delta, 
there is a bimodal distribution within a year; a strong primary peak occurs during the 
spring months of March-April, and a secondary peak occurs during August-September. 
The climatology of strong fronts and cyclones occurring in the Great Basin region also 
shows this bimodal pattern, related to the seasonality of strong baroclinicity (Jeglum et 
al., 2010; Shafer and Steenburgh, 2008). The SLC-IA records from 1930-2011 shows a 
similar bimodal distribution of DEDs.  Dust observations show a diurnal distribution, 
with a peak in the afternoon and early evening (Figure 2.4); this coincides with maximum 
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daily wind speeds due to the expansion of the boundary layer and turbulent mixing. 
Evening dust observations at SLC-IA reflect a temporal lag, as dust is transported 
northward from source regions in central Utah. 
 
2.4.2 Pollution measurements during all DEDs 
 Air quality station data from highly populated regions of Utah indicate that dust 
events have produced elevated PM10, exceeding NAAQS of 150 μg m
-3
, on 16 days over 
the past 18 years, or 0.9 per year since 1993. Over the period of record, dust events 
exceeded the NAAQS of 35 μg m-3 on 7 days over the past 18 years. Mean values for 
DED PM10 and PM2.5 were 73.9 and 12.5 μg m
-3
 and mean values for all days of record 
were 33 and 12.5 μg m-3, respectively (Table 2.3).  The doubling of PM10 mean values on 
DEDs is a function of dust load, whereas PM2.5 mean values respond to multiple factors 
(e.g., local anthropogenic activities, inversions). 
 The largest PM10 value during a DED was 424 μg m
-3
 at Lindon – LN station on 
30 March 2010; Lindon – LN also recorded the largest PM2.5 value of 55.7 μg m
-3
 on the 
same day. The 30 March 2010 DED recorded the highest PM values at numerous air 
quality stations. The Utah Division of Air Quality (2011) called this an “exceptional 
event” due to regional dust transport.  
 
2.4.3 Wind regimes of all DEDs 
 Dust observations at Delta coincided with strong (10-30 m s
-1
) winds from the 
southwest (Figure 2.5). Some occasional winds from the northwest could be associated 
with local dust transport during frontal passages, or with thunderstorm outflow. Wind 
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speeds at SLC-IA are slower (10-20 m s
-1
), which is consistent with higher surface 
roughness in the urban corridor. SLC experienced winds mainly from the south due to 
terrain channeling and the north-south orientation of the SLC valley.  
 
2.4.4 Synoptic and mesoscale meteorology of all DEDs 
 Composites created from NCEP/NCAR reanalysis dataset helped characterize the 
synoptic and mesoscale meteorology for all DEDs (Kalnay et al., 1996) (Figure 2.6). We 
created daily maps and composites of the mean of variables from the NCEP/NCAR 
reanalysis for all DEDs recorded during 1948-2010.  Analysis of individual DEDs 
(n=331) indicates that 67.7% occurred when a trough was approaching the region, and 
most typically in the spring months (Figure 2.7).  Composites of 700 mb geopotential 
height on the day before DEDs show a longwave trough upstream of Utah approaching 
the west coast of the U.S.A. On the DEDs, the trough progressed eastward to be centered 
over the California coast, with a strong pressure gradient over Utah aligned to produce 
southwesterly winds. By the day after DEDs, the trough has moved over Utah and the 
pressure gradient decreased. 
 At the surface sea level pressure, a weak cyclone is centered over the Oregon-
Idaho-Nevada border on the day before DEDs (Figure 2.8). On the DEDs, this cyclone 
strengthens and progresses east and is centered over the Utah-Idaho-Nevada border. A 
day after the DEDs, the surface cyclone has moved out of Utah. This strengthening of 
cyclones over central Nevada has been observed previously and is caused in part by the 
Great Basin Confluence Zone (GBCZ) (Jeglum et al., 2010; West and Steenburgh, 2010). 
The GBCZ is an airstream boundary that is aligned from the “high” mountains of the 
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Sierra Nevada downstream toward northwestern Utah. Flow splitting around the Sierra 
Nevada creates an area of contraction over the Great Basin. Preexisting baroclinic zones 
associated with intermountain cyclones occur in this area, which concentrates the 
baroclinicity and creates frontogenesis. Strengthening of surface baroclinic zone 
enhances frontal strength and increases surface wind speeds. 
 
2.4.5 Case study: 19 April 2008 DED 
 The day before the 19 April 2008 DED, there was a low pressure trough at 
midlevels (700mb) to the west of Utah, centered over California (Figure 2.9). On the 
DED, this trough deepened, moved southward, and progressed toward Utah. However, on 
the DED, the trough remained located in the west and a strong pressure gradient was 
present over Utah, producing southwesterly winds at midlevels. The day after the event, 
the trough broadened and moved over Utah. 
 Moving toward the surface, a surface cyclone was located over the Oregon-Idaho-
Nevada border on the day before the DED (Figure 2.10). On the DED, this cyclone 
deepened (from 1014 to 1004 mb) and moved over the Utah-Idaho-Nevada border. The 
day after the DED, the surface cyclone moved through Utah and merged with another low 
pressure center to the northeast. 
 HYSPLIT backward trajectories from SLC indicate air parcels moved from the 
region of west-central and southwestern Utah over dust source areas including the Sevier 
Dry Lake and the area burned in the 2007 Milford Flat fire (Figure 2.11).  At a local 
scale, strong surface winds demonstrated variable speed and direction (Figure 2.12). 
Stations near Delta reported wind speeds of 18-19 m s
-1
 at 1800 UTC, which represent 
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regional maximum wind speeds. Other stations in western Utah reported concomitant 
wind speeds of 10-15 m s
-1
, while eastern Utah stations generally had lower wind speeds. 
 The DED on 19 April 2008 dramatically affected air quality in the SLC area, with 
three out of four stations recording 24-hour PM10 values above the NAAQS of 150 μg m
-
3
. The highest value of PM10 from the four stations was 191 μg m
-3
 at Hawthorne – HW. 
PM2.5 values were high, but did not breach the NAAQS of 35 μg m
-3, peaking at 31.4 μg 
m
-3
 at Lindon – LN. For both PM parameters, Ogden – O2 station recorded low values, 
due to greater distance from source areas.  The Utah DEQ issued a “red” air quality alert 
for SLC and surrounding counties on the afternoon of 19 April 2008 (Maffly, 2008). 
 On the MODIS image, several dust plumes originate from the northern edge of 
the area burned in 2007 Milford Flat Fire, the Sevier Dry Lake, Tule Dry Lake, and Great 
Salt Lake Desert (Dugway Proving Ground), as well as other playas (Figure 2.13).  Dust 
plumes move in a northeasterly direction due to winds from the southwest, and display 
distinctive color differences reflecting dust compositions. 
 
2.4.6 Case study: 4 March 2009 DED 
 The day before the 4 March 2009 dust event, there was a long wave midlevel 
(700mb) trough off the coast of the western U.S. and long wave ridge centered just east 
of the Rocky Mountains (Figure 2.9). On the DED, the midlevel trough has moved 
eastward, but is still offshore of the western U.S. The day after the dust event, the long 
wave trough has widened and moved onshore and is centered over the Rocky Mountains. 
There is also an embedded shortwave trough centered on the coast of California. 
 Nearer to the surface on the day before the DED, there is a surface trough 
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centered over the Oregon-Idaho-Nevada border, and extending southward into Nevada 
(Figure 2.10). On the DED, the trough deepened and formed a surface cyclone centered 
over the Utah-Idaho-Nevada border. The day after the DED, the surface trough has 
moved through Utah over the Utah-Colorado border. 
 HYSPLIT backward trajectories from SLC indicate air parcels came from the 
south, across the Sevier Dry Lake and the Milford Flat area burned in 2007 (Figure 2.11). 
At a local scale, strong surface winds through the region show variations by terrain 
channeling (i.e., modification and enhancement of near surface winds by topography) and 
surface roughness differences (Figure 2.14).  Delta station reported a wind speed of 20 m 
s
-1
 at 1800 UTC, a regional maximum. Other stations in the western part of Utah reported 
winds speeds of 10-19 m s
-1
 at this time. Similar to 19 April 2008, the 4 March 2009 
DED had weaker winds in eastern Utah, in the area to the east of the Wasatch Plateau. 
Strong winds near Delta caused dust production from local hotspot sources. 
 This 2009 dust event had a larger range of PM as compared with the 19 April 
2008 DED. On the 4 March 2009 DED, only one station out of four had a value above the 
NAAQS of 150 μg m-3. However, the Hawthorne – HW site did not report a value on this 
day. The highest value of PM10 from the three stations was 200 μg m
-3
 at Lindon – LN, 
while the lowest value was 103 μg m-3 at Ogden – O2. PM2.5 values were lower on this 
day when compared to 19 April 2008, with the highest value of 22.9 μg m-3 at Lindon – 
LN.  The Lindon – LN recorded the highest values for both parameters on this DED, and 
the PM10 value was higher than the highest value on 19 April 2008. The comparative 
difference in the particle size distribution is a function of station distance from source 
areas; smaller sized particles are held aloft further downwind. 
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 MODIS imagery shows dust plumes originating from the area of Milford Flat 
burned by wildfire in 2007, the Sevier Dry Lake, Tule Dry Lake, and Great Salt Lake 
Desert (Dugway Proving Grounds) (Figure 2.15). Images do not indicate net transport 
from large areas.  Instead, dust appears to be entrained from specific ground locations, 
with distinctive plumes emerging from “hot spots.”  Media reported a multiday dust 
storm, with residents “struggling with the dust fogging the air” for two days before a 
snowstorm arrived on 4 March 2009 (Fahys, 2009). The National Weather Service in 
SLC issued wind advisories before the storm, and winter weather advisories for the 
mountains after the dust event. Wind gusts reached 42.5 m s
-1
 at Windy Peak in the Uinta 
Mountains and 39.3 m s
-1
 at Ogden Peak in the Wasatch Mountains. 
 
2.5. Discussion 
 Regional sediment transport in the Great Basin is facilitated by sufficient wind 
speeds to entrain and move particles (Jewell and Nicoll, 2011). Other factors that 
predispose the region as a dust source include (1) lack of aggregation or surface crusting 
of sediments, (2) minimal vegetation cover, and (3) availability of surface areas with silt 
sized particles (see Gillette, 1999). Collectively, these factors reduce threshold friction 
velocities (e.g., Kohfeld et al., 2005; Shao, 2008; Park et al., 2009), especially at flat 
lowland areas like ephemeral streams, dry lakes, silt pans or playas (Gill, 1996; 
Washington et al., 2006).  Great Basin playas are characteristic intermountain features 
occurring across wide expanses (Grayson, 2011), and are a source of deflatable sediments 
due to their low threshold friction velocities. 
Previous work beyond the Great Basin region has shown that synoptic scale desert 
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dust outbreaks are initiated by specific weather conditions (Zhang et al., 1997; Tegen et 
al., 2004; Lee et al., 2009; Rivera Rivera et al., 2009; Strong et al., 2010), which depend 
on the nature and strength of large scale wind systems affecting a dust source region 
(Wigner and Peterson, 1987; Yang et al., 2008). Persistent episodes of high winds and 
blowing dust occur during the passage of a strengthening low pressure system over a dust 
source area (Brandli et al., 1977; Sheppard et al., 2002; Novlan et al., 2007). 
 Similar ascendant meteorological conditions causing dust transport occur in 
Africa, Asia, Australia, and the Middle East (Goudie, 1978). A strengthening pressure 
gradient (cyclogenesis) in the prefrontal atmosphere creates strong and persistent south 
and southwesterly winds in the northern hemisphere. These winds are often strongest in 
the afternoon due to growth of the boundary layer and turbulent mixing of strong winds 
down to the surface (Pauley et al., 1996; Dayan et al., 2011). These regional dust 
transport events are different from “haboob” dust events, which are localized in spatial 
and temporal scales, and are often produced by strong mesoscale downdrafts associated 
with thunderstorms (Miller et al., 2008). 
 The Great Basin region typically experiences strong prefrontal south and 
southwesterly winds. These characteristic winds are called “Hatu winds,” “Utah” spelled 
backwards (Eubank and Brough, 1979), and their association with dust storms was 
noticed in 1910 (Brough et al., 1987).  Hatu winds occur several times a year, and are 
typically associated with approaching cold fronts and deepening cyclonic systems. 
Observed Hatu winds may be as strong as 93 mph (42 m s
-1
) (Brough and Stevens, 1989).  
Dust events are reported most frequently during the months of March and April.  
Frequency climatology of intermountain cyclones that produce strong winds shows a 
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bimodal distribution, with a primary peak in spring and a smaller secondary peak in the 
fall (Jeglum et al,. 2010). This seasonal pattern also occurs during strong cold frontal 
passages (Shafer and Steenburgh 2008). An area of confluent winds in the lee of the 
Sierra Nevada, termed the Great Basin Confluence Zone (GBCZ), causes both 
cyclogenesis and frontogenesis as storms move across Nevada (West and Steenburgh, 
2010). Analyses of strong storms demonstrate that cyclonic systems strengthen in this 
region, which is a “breeding ground for cold fronts” (Shafer and Steenburgh, 2008; 
Steenburgh et al., 2009). Salt Lake City, UT is positioned downwind and in the direction 
of these strong frontal passages. 
 Maximum wind speeds near Delta occur due to a large fetch upstream; fetch is the 
distance winds travel without interacting with high or complex terrain. Western Utah is 
characterized by north-south trending valleys located between mountain ranges, a 
topography described as “an army of caterpillars crawling northward” (Dutton, 1885). 
Therefore, when wind direction is north-south, it is aligned with the regional trend of the 
intermountain topography of the Basin and Range physiographic province, and dust 
bearing wind can travel long distances with little disruption (Gillette et al., 1996). This 
coincidence of flow aligned with playa-filled topographic corridors, or terrain channeling, 
enhances dust production and transport toward SLC, especially when wind speed is high. 
 
2.6. Conclusions 
 We identified primary dust source regions and transport pathways affecting the 
SLC metropolitan area, and characterized synoptic meteorological conditions leading to 
dust entrainment and transport during two specific DEDs.  Both case studies illustrate the 
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importance of an approaching midlevel trough in mobilizing dust toward SLC; 68% of 
the DEDs occurring between 1948-2010 are associated with this synoptic setting.  In 
summary, controls on regional dust transport in the eastern Great Basin include: (1) 
aerially extensive source areas containing deflatable dust sized particles (e.g., fine 
sediment or soil); (2) low threshold friction velocities at the landscape surface, enhanced 
by limited vegetation, low soil moisture, and/or an absence of cementation, pavements or 
biological soil crusts; and (3) wind at sufficient speeds to loft fine sediment particles into 
the atmosphere, allowing dust deflation and transport. 
 Records since 1930 suggest the Eastern Great Basin produces 4-5 dust events per 
year that impact a large region in northern Utah. These events usually occur in spring, 
coincident with strong southerly pre frontal Hatu winds that develop in advance of 
strengthening intermountain cyclones and frontal passages.  Dust activity peaks during 
the afternoon with the maximum boundary layer depth and wind speeds.  
 MODIS images demonstrate that the Eastern Great Basin region does not 
uniformly produce dust; rather, plumes from specific hotspot areas contribute to the dust 
load. Important dust sources include playa surfaces located in the intermountain corridors 
in the Basin and Range province, and remnants of Pleistocene Lake Bonneville in the 
Great Salt Lake Desert. Important dust sources we identified in the Eastern Great Basin 
region include the Sevier Dry Lake, Tule Dry Lake, and the Great Salt Lake Desert.  In 
addition, geographically extensive dust sources can result after disturbance events such as 
fire and reclamation.  MODIS images show that the region burned in the 2007 Milford 
Flat Fire is an active dust source during 2008 and 2009 case study DEDs. 
 With an abundance of dust sources and its ideal meteorological and physiographic 
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conditions, the eastern Great Basin region is a major source, identified using Total Ozone 
Mapping Spectrometry (TOMS) data (Prospero et al., 2002), of dust in North America. 
The regional physiographic orientation of its mountain-valley topography exacerbates 
terrain channeling, and funnels dust bearing winds toward SLC.  Observed dust storms 
significantly impact air quality in the populated regions of Utah; records over the past 18 
years indicate 16 days exceeding NAAQS for PM10 on DEDs. Elevated PM levels result 
after most dust events, and pose some health risks.  Further understanding the 
meteorological characteristics of dust storm events aids the forecasting, prediction, and 
monitoring of dust outbreaks affecting the SLC metropolitan area, and beyond. 
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Table 2.1: Meteorological data station information (data from NCDC). 
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Figure 2.1: Study area location of Lake Bonneville Basin (white) within the Great Basin 
Physiographic Province (grey), and places mentioned within text.  Abbreviations on 
figure: D = Delta Station, SLC = Salt Lake City, GSLD = Great Salt Lake Desert, TDL = 
Tule Dry Lake subbasin, SDL = Sevier Dry Lake, MF = Milford Flat, area disturbed by 





Figure 2.2: Webcam photos from the roof of the William Browning Building at the 
University of Utah (40.76623 N -111.84755 W), looking west toward downtown Salt 
Lake City, UT.  A. Before (1530 MST) and B. after (1550 MST) the arrival of a dust 





Figure 2.3: Frequency of DEDs by month for A. Delta (1973-2011) and B. SLC-IA 





Figure 2.4: Frequency of dust observations by hour of the day for stations at A. Delta 





Figure 2.5: Wind roses for all observations indicating dust is present at A. Delta (1973-





Figure 2.6: Composite of 700mb geopotential height (m) on all DEDs. A. One day prior 
to DED. B. Day of the DEDs. C. One day after. Great Salt Lake is depicted. Star indicates 





Figure 2.7: Synoptic classification of 331 DEDs for 1948-2010 using 700 mb 
geopotential height maps from the NCEP/NCAR reanalysis.  DED are subdivided by 
month of occurrence: DJF (December-January-February), MAM (March-April-May), JJA 
(June-July-August), SON (September-October-November) for each synoptic 
classification, with the number indicating the percentage of the total (data from 





Figure 2.8: Composite synoptic maps from NCEP/NCAR Reanalysis I. A. Composite of 
sea level pressure (mb) on all DEDs. B. Composite of geopotential height (m) at 500 mb 
on all DEDs.  C. Composite of 700 mb wind (m s
-1
) on all DEDs. Great Salt Lake is 






Figure 2.9: Synoptic 700 mb geopotential height (m) maps from NCEP/NCAR 
Reanalysis I. A. 18 April 2008, B. 19 April 2008, C. 20 April 2008, D. 3 March 2009, E. 
4 March 2009, F. 5 March 2009.  Great Salt Lake is depicted. Star indicates the center of 





Figure 2.10: Surface sea level pressure (mb) maps from NCEP/NCAR reanalysis. A. 18 
April 2008, B. 19 April 2008, C. 20 April 2008, D. 3 March 2009, E. 4 March 2009, F. 5 
March 2009. Great Salt Lake is depicted. Star indicates the center of the study region 





Figure 2.11: NOAA HYSPLIT 4.9 12-hour backward trajectories using NAM12 
meteorological data for A. 19 April 2008 and B. 4 March 2009. Great Salt Lake is 





Figure 2.12: MesoWest surface weather maps at 2000 UTC (1300 MST) for 19 April 






Figure 2.13: MODIS TERRA RGB imagery for 19 April 2008. Dust plume origins are 





Figure 2.14: MesoWest surface weather maps at 2000 UTC (1300 MST) for 4 March 
2009. Numbers are wind speeds in m s
-1






Figure 2.15: MODIS TERRA RGB imagery for 4 March 2009. Dust plume origins are 
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GEOMORPHIC AND LAND COVER IDENTIFICATION 
 
OF DUST SOURCES IN THE EASTERN 
 






 This study identifies anthropogenically disturbed areas and barren playa surfaces 
as the two primary dust source types that repeatedly contribute to dust storm events in the 
eastern Great Basin of western Utah, USA. This semiarid desert region is an important 
contributor to dust production in North America, with this study being the first to 
specifically identify and characterize regional dust sources. From 2004-2010, a total of 51 
dust event days (DEDs) affected the air quality in Salt Lake City, UT. MODIS satellite 
imagery during 16 of these DEDs was analyzed to identify dust plumes, and assess the 
characteristics of dust source areas. A total of 168 plumes were identified, and showed 
mobilization of dust from Quaternary deposits located within the Bonneville Basin. This 
analysis identifies four major and five secondary source areas for dust in this region, 
which produce dust primarily during the spring and fall months and during moderate or 
                                                          
1
 Reprinted from Geomorphology, 204, Hahnenberger, M., Nicoll, K., Geomorphic and 
land cover identification of dust sources in the eastern Great Basin of Utah, U.S.A., 657-
672, Copyright (2014), with permission from Elsevier. 
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greater drought conditions, with a Palmer Drought Index (PDI) of -2 or less. The largest 
number of observed dust plumes (~60% of all plumes) originated from playas (ephemeral 
lakes) and are classified as barren land cover with a silty clay soil sediment surface. Playa 
surfaces in this region undergo numerous recurrent anthropogenic disturbances, including 
military operations and anthropogenic water withdrawal. Anthropogenic disturbance is 
necessary to produce dust from the vegetated landscape in the eastern Great Basin, as 
evidenced by the new dust source active from 2008-2010 in the area burned by the 2007 
Milford Flat fire; this fire was the largest in Utah’s history due to extensive cover of 
invasive cheatgrass (Bromus tectorum) along with drought conditions. However, dust 
mobilization from the Milford Flat Burned Area (MFBA) was limited to regions that had 
been significantly disturbed by postfire land management techniques that consisted of 
seeding, followed by chaining or tilling of the soil. Dust storms in the eastern Great Basin 
negatively impact air quality and transportation in the populated regions of Utah; this 
study details an improved forecasting protocol for dust storm events that will benefit 
transportation planning and improve public health. 
 
3.2. Introduction 
 Dust entrainment, transport, and deposition are important geomorphic surface 
processes that impact multiple disciplines, including public health, hydroclimatology, and 
ecosystem ecology (e.g., McTainsh and Strong, 2007). Dust transport in dryland regions 
elevates particulate matter levels above health advisory thresholds (Griffin, 2007; Dayan 
et al., 2011; Hahnenberger and Nicoll, 2012), and can adversely impact human health 
(Pope III et al., 1995; Derbyshire, 2007; Brook et al., 2010; Hashizume et al., 2010; 
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Grineski et al., 2011; Johnston et al., 2011). In some cases, dust transport of bacteria, 
viruses, and fungi have caused disease (Kellog and Griffin, 2006), including outbreaks of 
Valley Fever in the western U.S. (Williams et al., 1979; Sing and Sing, 2010). 
Dust deposition on mountain snowpack affects the radiation balance, accelerating 
seasonal melting and reducing springtime runoff totals in the Colorado River watershed 
(Painter et al., 2007, 2009). Dust transport removes nutrients in source areas and 
contributes nutrients in deposition region, which has ecological implications (Reynolds et 
al., 2001, 2006; Prospero, 2002; McTainsh and Strong, 2007; Hasselquist et al., 2011; 
Sankey et al., 2012a). Further, aeolian inputs of organic materials such as pollen, seeds, 
bacteria, and fungi can affect the function of sensitive ecosystems, such as coral reefs and 
alpine regions (Hallar et al., 2011). Atmospheric processes can be directly influenced by 
the absorption and scattering of radiation by dust, and dust also acts as microphysically 
active species in clouds, functioning as condensation nuclei (Twohy et al., 2009; Chen et 
al., 2010; Wang and Niu, 2013). Changes in dust transport have the potential to affect 
climate on both regional and global scales (Maher et al., 2010; Martinez-Garcia et al., 
2011). 
 Assessing dust origins and the relative contribution from anthropogenic land use 
(e.g., agriculture, mining, disturbance events) as compared with “natural” dust sources 
(e.g., playas, aeolian deposits) and natural disturbance events (e.g., wildfire, flood, 
landslide) remains an unsettled question; estimates of the human caused component of 
dust production from a region range from 10 to 50 % (Tegen and Fung, 1995; Tegen et 
al., 2004; Ginoux et al., 2012). Determining the fraction of dust produced by human 
activities is complicated by the variable range of scales of the processes involved in dust 
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dynamics. Entrainment of dust into the atmosphere can occur on the microscale (Sankey 
et al., 2012b), while transport is most obvious and observable at regional and global 
scales (Ginoux et al., 2012). To effectively identify dust sources and track dust transport 
it is necessary to cross from the microscale to the mesoscale and then to the regional 
scale. Coarse scale satellite remote sensing is not sufficient to identify individual dust 
sources such as a single fallow field in an agricultural region or the margin of a playa 
(e.g., Crouvi et al., 2012). Environmental controls on dust production operate at local 
spatial scales, and include these factors: (1) lack of aggregation or surface crusting of 
sediments; (2) vegetation cover and spatial arrangement; (3) availability of surface areas 
with silt sized particles; and (4) wind speeds sufficient to overcome threshold friction 
velocities (Gillette, 1999). Models estimating dust transport tend to be global in scale and 
at low spatial resolution, and must parameterize these small scale processes. Furthermore, 
dust transport models lack high resolution datasets of dust sources at global, regional, and 
local scales. 
 Methods for identifying dust sources typically have analyzed datasets with 
relatively low resolution over broad regions (e.g., Prospero et al., 2002; Ginoux et al., 
2012). In order to more accurately predict and model dust transport, high resolution, local 
scale observations about dust source location are required. Bullard et al. (2011) proposed 
a methodology for categorizing dust sources based on geomorphic characteristics 
determined using medium resolution (1-10 km) satellite data. Lee et al. (2012) further 
developed a classification to include land cover classes of dust sources, which assessed 
the anthropogenic vs. natural contributions. 
 In a global assessment of dust loading using satellite data, Prospero et al. (2002) 
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highlighted the eastern Great Basin as a major source area for dust export in North 
America. Recent studies of the eastern Great Basin hydrographic region showed a direct 
linkage between dust storm meteorology and elevated particulate levels in the Salt Lake 
City metropolitan area (SLC) of Utah, where exceedances of federal air quality standards 
affect more than 2 million people (Hahnenberger and Nicoll, 2012). The dust storms 
occur in the afternoon and can decrease visibility and endanger transportation, 
particularly during the spring months. Popular reports about dust storms and “raining 
mud” date back to the 1930s in western Utah (Brough et al., 1987). While seasonal dust 
storms are generally considered “natural events” that originate from uninhabited areas, 
specific dust sources in the eastern Great Basin are not well described. This landscape is 
generally uninhabited, but has been significantly affected by cattle and sheep grazing, 
water withdrawal for agriculture, agricultural fields left fallow, military operations, 
cheatgrass (Bromus tectorum) invasion, wildfire, and related reclamation programs 
(Hahnenberger and Nicoll, 2012; Miller et al., 2012). The accurate delineation of dust 
source areas and relation to the dominant hydroclimatic controls and meteorological 
events affecting this region is critical for the potential forecasting, mitigation and/or 
prevention of dust storm events and their adverse effects. 
 This study describes actively eroding landscape elements that act as dust sources 
in the eastern Great Basin; we identify the specific geomorphic surfaces and land cover 
types that produce dust within this region during specific days when high particulate 
levels were measured. MODIS satellite data are used to identify plumes and pinpoint 
specific locations of dust source areas, which is the most accurate and high resolution 
technique available (Lee et al., 2012). The methodology first identifies plumes, and then 
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describes source areas in context of the broader landscape. We characterize the eastern 
Great Basin landscape in a way that is specific to this region, because it is generally less 
vegetated, and more topographically complex than other documented dust source regions 
of similar size, such as the Chihuahuan Desert and the Southern High Plains of Texas 
(Lee et al., 2009; Rivera Rivera et al., 2010; Baddock et al., 2011; Lee et al., 2012). 
 Various studies of dust sources in deserts of the U.S. at the regional scale have 
focused on collected dust (Reheis, 2003, 2006), and others have identified plumes during 
a single dust event, over one year or over a few years (Lee et al., 2009, 2012; Rivera 
Rivera et al., 2010). Our study of dust sources in the eastern Great Basin assesses seven 
years of data, and analyzes 16 dust event days in detail. The study period from 2004-2010 
includes a moist interval and a persistent drought period, during which various 
disturbances, including continuous (e.g., water withdrawals, military operations, 
recreation) and episodic (e.g., wildfire, land rehabilitation practices) disturbances 
occurred at specific locations (Miller et al., 2012). In this context, we analyzed the 
temporal and spatial variability of dust sources in the eastern Great Basin, examined 
some of the ascendant controls, and characterized these source areas for comparison with 
other known dust production regions throughout the world (e.g., Wang et al., 2006, 2008; 
Warren et al., 2007; Bullard et al., 2008, 2011; Lee et al., 2009, 2012; Rivera Rivera et 
al., 2010). This study aims to (1) identify dust sources using a landform approach and a 
combination of satellite data and field observation, (2) specifically identify anthropogenic 
activities that are potentially contributing to increased dust flux from source regions, (3) 
identify meteorological conditions associated with large dust events in the region and air 
quality impact on nearby populated regions, (4) put the eastern Great Basin in a regional 
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and global context relative to other dust producing areas, and (5) provide a solution to the 
problem of forecasting and warning dust storms in the eastern Great Basin. 
 
3.3. Regional setting of study area 
 The Great Basin is a hydrographically closed, internally drained portion of the 
western USA (Frémont, 1845), and the largest desert region in North America. As part of 
the larger Basin and Range physiographic province, the terrain has a characteristic 
topography with alternating mountain ranges and valleys (Fig. 3.1). The analysis region 
for this study was limited to the western part of the state of Utah, with boundaries of 
latitudes 37 - 42º N, and longitudes 111 - 114º W (Fig. 3.2). The Basin and Range has 
many north-south trending mountain ranges, many of which are >3,000 m in elevation; 
the mountains are typically composed of Precambrian – Palaeozoic sedimentary rocks, 
and some Tertiary igneous rocks (Grayson, 2011). The high relief between the elevated 
ranges and the basin valleys is delineated by N-S trending normal faults. Along the 
mountain front, alluvial fans intermittently erode sediments and deposit materials 
downslope and into the intermontane valleys, which act as local sinks for sediment and 
water runoff (Oviatt, 2003; Grayson, 2011). As such, terminal lakes or playas comprise 
local base levels that are not integrated into fluvial systems that drain into the Pacific 
Ocean. 
 The largest subbasin in the eastern portion of the hydrographic Great Basin is the 
Bonneville Basin, which was first described by G.K. Gilbert (1890). During the Late 
Pleistocene, much of this basin contained standing water. At its maximum extent ~20,000 
BP, Lake Bonneville had a surface area in excess of 50,000 km
2
 and with possible 
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drainage to the Pacific Ocean via the Snake and Columbia drainages when the water 
volume exceeded >10,000 km
3
. Erosion and deposition associated with the dynamics of 
Pleistocene Lake Bonneville resurfaced much of the lowland areas in western Utah 
(Oviatt, 1997; Oviatt et al., 2003). The Great Salt Lake is the modern remnant of ancient 
Lake Bonneville, which regressed and became hypersaline as its water volume was 
reduced as a function of hydroclimatic change through the Holocene (Grayson, 2011). 
 The modern region of western Utah is dominated by a semiarid cold desert 
environment, which can support a shrub and steppe vegetation (Artemesia, or sage, 
dominant) with occasional woodland elements, particularly at higher elevations (Wise, 
2012). Much of the year is characterized by low precipitation and clear skies due to the 
quasipermanent subtropical high pressure ridge positioned over the region, which is only 
occasionally displaced by low pressure systems originating over the Pacific Ocean 
(Sheppard et al., 2002). Precipitation, while limited, reaches a maximum in the winter 
and spring, with limited summer rainfall contributed by the North American Monsoon 
(Adams and Comrie, 1997). 
 Dust events in the eastern Great Basin region peak in the spring, with additional 
occurrences during the early fall (Hahnenberger and Nicoll, 2012). This is consistent with 
the ascendant meteorological pattern of strong intermountain cyclones that strengthen in 
the Great Basin Confluence Zone (GBCZ) over Nevada during the spring and fall 
months. The GBCZ is formed from low to midlevel winds that are blocked by the Sierra 
Nevada as they approach from the west and then converge downstream of the Sierra 
Nevada over central Nevada. The confluence over central Nevada acts to intensify the 
surface temperature gradient, increasing pressure gradients, and creates stronger winds 
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preceding the surface front. The cyclonic storms produce strong prefrontal warm and dry 
winds, termed Hatu winds (Eubank and Brough, 1979). The position of Salt Lake City is 
situated at a local maximum for these strong frontal passages, due to the intensification 
that occurs just west of the eastern Great Basin (Shafer and Steenburgh, 2008). Prefrontal 
dry winds are a known dust producer in other regions of the world (e.g., Liu et al., 2004). 
Additionally, in the eastern Great Basin, Basin and Range physiography tends to channel 
and sometimes further intensifies winds flowing in alignment with the north-south trend 
of the mountain physiography (Hahnenberger and Nicoll, 2012). 
 These dust storms caused by strong prefrontal winds are distinctly different from 
the haboob type dust storms that are common in arid regions throughout the world 
(Brazel and Nickling, 1986; Miller et al., 2008; Seigel and van den Heever, 2012). 
Haboobs are formed from the cold outflows, or gust fronts, emerging from mesoscale 
convection, such as the thunderstorms that form in the Arizona summer as part of the 
North American Monsoon (Adams and Comrie, 1997). Forecasting of mesoscale 
thunderstorms and the haboob dust storms they produce is challenging because these 
phenomena occur on the scale of minutes to hours. While haboobs can occur in our 
region of study, most regional scale dust storms affecting the eastern Great Basin, 
however, are formed by synoptic scale weather systems that develop over a much longer 
time scale and, therefore, they can be forecasted days in advance (Hahnenberger and 
Nicoll, 2012). However, similar to haboob type events, these dust storms do not last 
multiple days in most cases, and the effects seen in the populated regions are felt only a 
couple hours after dust transport begins, due to the distance between the dust sources and 
the population centers in Utah. 
68 
 While the primary control of dust in this region is winds of sufficient speed to 
dislodge and loft sediment, there are several other factors that affect erosion and dust 
production in the eastern Great Basin. First, there is the necessary condition of a supply 
of sediment that can be entrained. This is often determined by sediment or soil type, and 
can vary due to runoff supplying sediment and creation of efflorescent evaporite minerals 
that precipitate from shallow groundwater (Reynolds et al., 2007). Therefore, geomorphic 
settings that tend to collect sediment, such as terminal dry lakes (playas), alluvial and 
fluvial landforms, and aeolian deposits, all have potential to generate dust (Gill and 
Cahill, 1992; Gill, 1996; Bullard et al., 2011). A second factor that reduces threshold 
friction velocities is the absence of nonerodible roughness elements, such as plants, 
and/or the absence of physical or biological soil crusts, which bind the soils (Belnap and 
Gillette, 1998; Urban et al., 2009). Land cover types that are characterized by little 
vegetation or areas that have undergone either natural or anthropogenic disturbance that 
removed vegetation or soil crusts will have a higher propensity for dust transport 
(Goossens and Buck, 2009). 
 The presence or absence of drought conditions can exacerbate dust in some 
regions, particularly if it causes a decrease in threshold friction velocities (McTainsh et 
al., 1998). Further, in the adjacent physiographic region of the Colorado Plateau, 
increasing mean annual temperatures lead to decreasing perennial grass cover in some 
location, which causes a higher susceptibility to erosion by high winds that is further 
exacerbated by soil disturbance (Munson et al., 2011). Paleoclimatic records in the 
southwestern United States indicate that long periods of elevated temperatures and 
drought were present over the past 1,200 years, which were more severe than droughts 
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during the historic record (Woodhouse et al., 2009). It is plausible, therefore, that similar 
long and severe droughts will occur in future times in this region. However, drought 
conditions in a region are not solely sufficient to initiate dust transport; other necessary 
conditions must be met, or a disturbance event that lowers threshold velocities can induce 
dust entrainment and transport (Miller et al., 2012). 
 
3.4. Methods and datasets 
3.4.1 Defining dust event days (DEDs) 
 Meteorological datasets over the period from 2004-2010 were acquired from the 
National Climatic Data Center (NCDC) Global Integrated Surface Hourly (ISH) database 
(NCDC, 2012) for stations at Delta, UT and Salt Lake City International Airport, UT 
(hereafter, SLCIA) (Table 3.1). We designated a dust event day (DED) when at least one 
recorded observation at Delta or SLCIA stations contained a weather code for airborne 
dust (06, 07, 08, 09, 30, 31, 32, 33, 34, and 35; WMO code 4677, WMO 2010). This 
dataset and the methodology are described in Hahnenberger and Nicoll (2012). Wind data 
from these stations, at the standard height of 10 m, was used to characterize the regional 
wind setting during DEDs. 
 Air quality parameters during DEDs were obtained from the Division of Air 
Quality (DAQ) of Utah's Department of Environmental Quality (DEQ) network (DAQ, 
2011) (Table 3.1). We compiled daily average values for particulate matter pollutants 
PM10 and PM2.5 (PM with aerodynamic diameters <10 and 2.5 μm, respectively) 
collected by manual gravimetric samplers at stations located in Utah’s most populated 
areas. Daily 24-hr values were obtained to be compared to the Environmental Protection 
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Agency (EPA) National Ambient Air Quality Standards (NAAQS) 24-hr standards for 
PM10 and PM2.5 of 150 and 35 μg m
-3
, respectively. 
 Meteorological drought was characterized for western Utah during the study 
period, using the monthly Palmer Drought Index (PDI), also known as the Palmer 
Drought Severity Index (PDSI), from the North American Drought Monitor (NADM) 
(NOAA NCDC, 2012). The PDI is a long term cumulative meteorological index that 
takes into account precipitation, temperature, and water content of the soil to describe the 
water balance in the region. Despite its utility, the PDI does not fully take into account 
the complex hydrology of lake, reservoir, and snowpack storage and related delayed 
runoff (Heim, 2002). We used the PDI to ascribe the coincidence of DEDs with broad 
hydroclimatic trends in the region. 
 
3.4.2 MODIS imagery on DEDs 
 We collated available imagery from Moderate Resolution Imaging 
Spectroradiometer (MODIS) on the Terra and Aqua satellites (LANCE, 2012) for all 
DEDs over the time period 2004-2010. Over this duration, there were 51 DEDs in all, of 
which 49 DEDs had data from the MODIS sensor aboard either the Terra or Aqua 
satellite. The related images were then assessed in the eastern Great Basin study region, 
which were delimited to the area within Utah between the latitudes 37 - 42º N, and 
longitudes 111 - 114º W. True color imagery was examined at a resolution of 250 m, 
which assigns RGB to bands 1 (620-670 nm), 4 (545-565 nm), and 3 (459-479 nm). 
Images from both the Terra and Aqua satellites were examined on each day to detect dust 
events that may only be active or visible during the overpass of each satellite, and to 
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detect which plumes were active at different times of day. The eastern Great Basin 
overpass times for the Terra and Aqua satellites are between 1000-1200 MST (1700-1900 
UTC) and 1300-1500 MST (2000-2200 UTC), respectively. 
 
3.4.3 Dust plume recognition 
 Dust plumes were identified on the MODIS imagery using criteria of Bullard et 
al. (2008), Lee et al. (2009), and Walker et al. (2009). Recognition of plumes was based 
on the following attributes: opacity (whether the dust plume blocked view of surface 
features near source, then became increasingly transparent due to dispersal); color (brown 
or tan); shape (cone shaped, starting from a point and spreading out in direction of 
dispersal); and plume direction (cardinal orientation of the dispersion, and correlation 
with other plumes in the same image) (Fig. 3.3). If it was unclear whether a potential 
plume was actually airborne dust, or a surface feature, the image for that day was 
compared to clear sky imagery in Google Earth™. In this way we were able to ensure 
that other surface features were not mistaken for dust plumes, and vice versa. In cases 
where it was unclear if a plume was a cloud or a dust plume, MODIS 7-2-1 imagery were 
analyzed. In this imagery red, green, and blue are assigned channels 7 (2155 nm), 2 (876 
nm), and 1 (670 nm), respectively; this assignment places clouds in light blue and water 
bodies in dark blue to black, and permits the discrimination of surface features, and dust 
plumes. 
 Images that contained at least one visible dust plume within the study area were 
further analyzed to describe plume locations and to identify local point sources; in all, 
this satellite dataset included 24 images from 16 of the observed DEDs (Fig. 3.3). The 
72 
MODIS Terra data recorded 11 days with visible plumes, and MODIS Aqua data 
recorded 13 days with visible plumes. These 24 images were systematically analyzed, 
and a total of 168 individual dust plumes were identified (Appendix A). On individual 
images, the number of identified plumes ranged from 1 to 33. Factors that affected ability 
to detect visible plumes included: cloud cover, data quality (due to satellite overpass 
location), whether plumes were active at the time of satellite overpass, and whether 
plumes were large enough to be detected (Lee et al., 2009). 
 
3.4.4 Description of dust plume and source area attributes  
 Mapping plume locations for all the DEDs allowed the identification of local 
point sources for dust, the definition of dust source regions across the larger study area, 
and assessment of the anthropogenic influences on dust generation. We then were able to 
describe the related land cover, sediment/soil, and geomorphic characteristics for each 
point source and to upscale those observations in an assessment of dust source regions in 
the eastern Great Basin of Utah. High resolution land cover data classifications from the 
National Land Cover Database 2006 (NLCD2006) were used to characterize the surface 
type of dust source areas (Fry et al., 2011). NLCD2006 is a 16-class land cover 
classification created at a spatial resolution of 30 meters from unsupervised classification 
of Landsat satellite data for the conterminous United States. For each dust plume 
observed, a source area and land cover class was determined using ArcGIS. 
 Soil data were accessed from the Soil Survey Geographic (SSURGO) Database 
provided by the National Resource Conservation Service (NRCS) (Soil Survey Staff, 
2012). Due to the remote nature of the dust source locations within the study area, point 
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scale soil data were not available, so we analyzed the most prominent soil in the map unit 
at the location of each dust point source. Soil texture class was also determined, and the 
primary soil texture class for each identified dust source region was assessed as the most 
common class in that region. 
 To assess and describe the geomorphic attributes of the observed dust source 
areas, we examined MODIS satellite data, Google Earth imagery, photographs, reports 
and published literature, and drew on field observations and personal knowledge. No 
standard geomorphic dataset or detailed quaternary maps are available for most of 
western Utah. For each dust source region identified, the standard categorization of 
Bullard et al. (2011) was applied. 
 
3.5. Results 
3.5.1 DED air quality and meteorology 
 Over the time frame from 2004-2010, there were 51 DEDs recorded, and we 
identified plumes on MODIS images on 16 days. During most of these 16 days, air 
quality stations recorded elevated PM10 and PM2.5 values in the Salt Lake Metropolitan 
region (Table 3.2). Seven days out of the 16 DEDs had at least one station that exceeded 
the 24-hour NAAQS for PM10 (>150 μg m
-3
), while three days exceeded the PM2.5 
standard (>35 μg m-3). Some DEDs, however, do not exhibit elevated particulate levels in 
the Salt Lake Metropolitan region, which probably results from active dust sources that 
were not upwind of these sites on that day, or the dust being lofted and dispersed above 
the valley floor, where the air quality instruments are located. Further, the number of 
plumes detected does not predict the air quality values observed; the highest PM10 value 
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recorded, 424 μg m-3, on 30 March 2010 had only 17 plumes, while the day with the 
maximum number of plumes, 4 March 2009, had a maximum PM10 value of 200 μg m
-3
. 
 For each DED, the maximum wind speed during the time range of the MODIS 
overpasses was recorded for both SLCIA and Delta stations, along with the wind 
direction at that time. At SLCIA, 13 of 16 DEDs had winds with a mainly southerly 
direction, and Delta reported southerly winds 15 of the 16 days (Table 3.2). This wind 
pattern is consistent with previous observations made in this region (Jewell and Nicoll, 
2011), and observations that the primary driver of dust transport is prefrontal dry 
southerly Hatu winds (Hahnenberger and Nicoll, 2012). Maximum wind speeds during 
these DEDs generally range from 10 to 20 m s
-1
, which exceeds generally accepted 
thresholds for dust entrainment and transport (Marticorena, 1997). 
 
3.5.2 Spatial variability of observed dust plumes 
 Spatial analysis of the 169 plumes observed on MODIS images during DEDs 
demonstrates that the eastern Great Basin does not produce dust uniformly. Instead, dust 
plumes originate from specific points in eroding features within the landscape, and 
certain areas are prone to reactivation. Fig. 3.3 shows the spatial distribution of dust 
plumes observed on the 3 March 2009 DED, with clusters of plumes in the productive 
regions. Analysis of the MODIS images indicates that plumes form in nine specific 
geographic regions; nearby place names were used to refer to these dust source areas 
(Table 3.3, Appendix A). 
 While most regions had identifiable plumes during numerous DEDs, two of the 
dust source regions, Pot Playas and Skull Valley, had identifiable plumes only during 
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single DEDs (Fig. 3.3). It is likely that these two source areas produce airborne dust 
during other DEDs, but plumes may not be detectable for a number of reasons, including: 
the plume is smaller in size than the pixel resolution of the satellite image; the dust 
concentration is too low to be discerned on the satellite imagery; sources are not actively 
eroding at the time of the particular satellite overpass; or the dust generated is obscured 
by (swamped by) the dust contributed from larger sources upwind. 
 Of the nine dust source regions, the largest numbers of dust plumes produced are 
located in four regions of the eastern Great Basin (Table 3.3): Great Salt Lake Desert - 
Dugway Proving Ground; Milford Flat Burned Area; Sevier Dry Lake; and Tule Dry 
Lake (Fig. 3.3). These four source regions consistently produce dust plumes in the 
MODIS imagery analyzed. These regions are not equal in size, however, and plumes are 
not uniformly located throughout each area. 
 
3.5.2.1 Great Salt Lake Desert – Dugway Proving Ground 
 Great Salt Lake Desert - Dugway Proving Ground (GSLD – DPG) is the largest 
source area for dust, both in terms of number of plumes observed, and its areal extent. All 
the plumes in this region are located within the boundaries of the Dugway Proving 
Ground (DPG), which is a major test and training range for the Chemical, Biological, 
Radiological, Nuclear and high yield Explosives (CBRNE) Command. The DPG is 
closed to the public and comprises about 800,000 acres for “defensive developmental and 
operational testing and training in chemical and biological warfare in the areas of 
protection, detection and decontamination” (DPG, 2012). The GSLD is generally a 
nonvegetated playa surface fed by ephemeral streams (Oviatt et al., 2003). While many 
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locations within the region produce plumes, the two most active “hot spots” are located 
just south of Granite Peak and west of the town of Dugway in the south central GSLD. 
No dust plumes were identified in the GSLD north of Interstate 80. 
 
3.5.2.2 Milford Flat Burned Area 
 The area producing the second highest number of dust plumes is in the Milford 
Flat Burned Area (MFBA), located west of the towns Fillmore and Kanosh, south of 
Delta, UT, and east of the Cricket Mountains. This region is a high plateau called Milford 
Flat, and it was the northern extent of the largest wildfire in Utah history; during July 
2007. The Milford Flat fire burned over 145,000 hectares (363,046 acres) of piñon-
juniper forest and sagebrush steppe parts of which are subject to cheatgrass invasion 
(Miller et al., 2012). After the fire, numerous different rehabilitation techniques were 
applied for soil stabilization and restoration, including drill seeding, single chaining, and 
imprinter seeding. Due to wind and lack of precipitation, some locations in the burned 
region had multiple treatments over numerous years (Miller et al., 2012). Prior to 2008, 
no dust plumes were identified from this region, whereas after the fire and postfire land 
treatments, we observed 52 plumes over the period from 2008-2010 (Fig. 3.4). 
 
3.5.2.3 Sevier Dry Lake and Tule Dry Lake 
 The third and fourth largest producing areas of dust plumes are Sevier Dry Lake 
(SDL) and Tule Dry Lake (TDL). Tule Dry Lake is located in the Tule Valley, just west 
of the House Range. Sevier Dry Lake is located in the Sevier Desert, west of the Cricket 
Mountains, and is the terminus of the Sevier River. Both SDL and TDL are generally non 
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vegetated playa surfaces. Although Tule Dry Lake is a smaller geographic area than the 
Sevier Dry Lake, it produces nearly the same number of dust plumes, and these emanate 
at multiple points along a north-south oriented transect. The Sevier Dry Lake area does 
not have a uniform distribution of plumes, with most originating from the southern part 
and along the eastern and western margins. The northern part of the Sevier Dry Lake that 
does not exhibit any plumes is lower in topographic elevation, and is often wet during 
certain times of the year. 
 
3.5.3 Temporal variability of observed dust plumes 
 The temporal variations of dust plumes observed are broadly consistent with 
previous seasonal analyses showing the greatest number of DEDs during the spring 
months of March and April, with a few events in the early fall (Hahnenberger and Nicoll, 
2012) (Figs. 3.3, 3.4; Table 3.2). This seasonality is controlled by the synoptic 
meteorology, with strong prefrontal winds associated with strengthening cyclonic storms 
over the Great Basin during the spring, and to a lesser extent in the fall. 
 On an interannual time scale, there were a few moderate dust events in 2004, 
followed by a three year period with no visible plumes, and then an increase in dust 
events during the period from 2008-2010 (Fig. 3.4). While DEDs are recorded from 
2005-2007, no plumes were visible on MODIS images during these days, possibly due to 
cloud cover, or because the dust plumes were not large or opaque enough to be visible at 
the satellite scale. During the study period, the Palmer Drought Index (PDI) indicates two 
main wet and dry periods (Fig. 3.4). A wet period lasting from late 2004 to the end of 
2006 appears to have provided sufficient moist conditions to stabilize erodible landforms; 
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no dust plumes were visible during this period, though there were DEDs recorded at both 
Delta and SLCIA. From 2007-2009, the region generally experienced drought conditions. 
Drought is a perturbation that can increase dust production, but is not anthropogenic in 
origin. The combination of drought conditions, the disturbance of the Milford Flat fire, 
and subsequent postfire treatments affected the upsurge in dust events occurring during 
the period from 2008-2009 (Miller et al., 2012). 
 Prior to 2008, there were no plumes detected from the Milford Flat Burned Area, 
while following the fire and postfire treatments in 2007-2008, a large number of plumes 
were detected. However, there was a large increase in plumes detected from the Great 
Salt Lake Desert – Dugway Proving Ground, Sevier Dry Lake, and Tule Dry Lake during 
the 2008-2009 period, as well (Fig. 3.3). There are no known acute natural or 
anthropogenic disturbance events during that period for the other regions, though there 
were likely continuous recurrent disturbances affecting those regions, such as water 
withdrawal, military operations, and recreation. Therefore, the resulting increase in 
plumes in the playa regions is associated with the arrival of persistent drought to the 
eastern Great Basin in 2007 (Fig. 3.4). Dust plumes become more frequent as the PDI 
values drop below a value of -2, the threshold for moderate drought conditions (Heim, 
2002). There is a lag period between the onset of drought in 2007 and the large numbers 
of dust plumes observed in the spring of 2008. This could be because the terminal lake 
basins (playas) might be covered with snow or meltwater during the winter months, 
and/or these geomorphic elements take longer to respond, as compared to the surrounding 
vegetated alluvial landscape. In vegetated landscapes the lag may be explained by 
senesced vegetation that establish during the moist to drought transition but still provide 
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soil stabilization during the early period of drought. Previous studies have shown that in 
nearby regions perennial grasses decrease following years of increased temperatures 
(Munson et al., 2012). 
 
3.5.4 Land cover of dust sources 
 Barren land cover was identified at many active sites of erosion, comprising 101 
dust plumes of the total 168 identified from source areas in the eastern Great Basin (Fig. 
3.5). This relationship is expected, because vegetation increases threshold friction 
velocities and decreases the probability of dust transport (Urban et al., 2009). A large 
number of plumes are sourced in areas with shrub/scrub land cover; however, most of 
these plumes were located in the Milford Flat Burned Area, which was a shrub/scrub land 
cover that was disturbed in 2007 (Fig. 3.5). A small number of plumes originate from 
areas with a grassland/herbaceous land cover, although this type of land cover is not 
common in the eastern Great Basin. If we partition the vegetated land covers into those 
that were burned in the Milford Flat fire, and those that were not, we see that about 75% 
of plumes in these land cover types were burned in the 2007 fire (Fig. 3.5). Therefore, we 
conclude that vegetated landscapes in the eastern Great Basin are not typically prone to 
dust emission, unless they are disturbed. 
 
3.5.5 Geomorphic and soil characteristics of dust source areas 
 Our regional assessment of dust sources described the geomorphic settings of the 
important dust producing source areas within the eastern Great Basin (Fig. 3.2). Dust 
plumes sourced to ephemeral lakes or playas are evident in these areas: Great Salt Lake 
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Desert-Dugway, Skull Valley, Sevier Dry Lake, Tule Dry Lake, and Pot Playas (Table 
3.3). The dust source regions dominated by alluvial and fluvial landscape elements 
include Milford Flat Burned Area, Beaver Bottoms, Wah Wah Valley, and Beryl-Zane. 
 Silty clay soil is present in the source area for 98 dust plumes, out of 168 in total. 
This fine grained sediment texture is characteristic of playa features (Fig. 3.6). Other soil 
types that are being eroded at dust plume locations include variations of loam that occur 
in alluvial-fluvial settings. The playa surfaces exhibit greater salinity compared to the soil 




3.6.1 Comparing primary dust source areas 
 Ephemeral and dry lakes known as playas are a common dust source in deserts 
(Gill and Cahill, 1992; Gill, 1996; Mahowald et al., 2003), with 3 to 66% of dust point 
sources originating from them, depending on the region (Bullard et al., 2008, 2011; Lee 
et al., 2009, 2012; Rivera Rivera et al., 2010; Baddock et al., 2011). However, ephemeral 
lakes often cover only a very small percentage of the land surface in desert regions, and 
therefore have a large number of plumes relative to the amount of area covered by this 
geomorphic surface type (Lee et al., 2012). The Chihuahuan Desert that spans an area of 
southern New Mexico, western Texas, and northern Mexico features 48 to 51% of dust 
plumes from playas (Lee et al., 2009; Baddock et al., 2011; Bullard et al, 2011). The 
Sahara features a large percentage, ~66%, of plumes from dry and ephemeral lakes 
(Bullard et al., 2011). 
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 Reynolds et al. (2007) indicated, however, that not all playa surfaces are equal 
when it comes to the propensity for dust emission, and that both playa hydrology and 
playa surface sediments control the type and amount of dust emitted. They observed that 
wet playas, with groundwater close to the surface, have dynamic surfaces with evaporite 
minerals forming that are often susceptible to wind erosion. Dry playas, whereby 
groundwater is at depth, have more static surfaces that inhibit dust emission, though 
could potentially emit dust if disturbed. This study of eastern Great Basin observed that 
59.5% of dust plumes originated from playas; playa landscape features are characteristic 
of the Basin and Range topography within the Great Basin. Data are not available to 
determine whether the active playas in this region would be considered wet or dry playas 
from the definitions used by Reynolds et al. (2007). Further, anthropogenic disturbance 
of playa surfaces can lead to increased propensity for dust transport (Gill, 1996). The 
large number and size of playas in the eastern Great Basin is due to its many internal 
drainage networks and the legacy of Lake Bonneville, which covered most of the region 
during the Pleistocene. 
 Gillette et al. (1980) identify numerous geomorphological surface types that show 
a propensity for dust entrainment, namely, disturbed soils > sand dunes > alluvial and 
aeolian sand deposits > disturbed playa soils > skirts of playas > playa center > desert 
pavements. While the eastern Great Basin contains all of these geomorphic types, we do 
not see the same propensity for regional scale dust transport from sand surfaces. In other 
desert regions, aeolian deposits, such as dunes and sand sheets, produce from 4 to 88.2% 
of dust plumes (Bullard et al., 2008, 2011; Baddock et al., 2011; Lee et al., 2012). The 
highest production is from the southern high plains on the Texas-New Mexico border, 
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which has a large region of aeolian sand sheet that has a land cover type of cultivated 
crop (Lee et al., 2012). Dust emission studies in the Mojave Desert found dunes to be 
prone to lofting of sediment, though there was a very high variability in the measurement 
(Sweeney et al., 2011). In the Bodélé Depression in the Sahara, dust is generated from 
barchan dune areas (Crouvi et al., 2012). However, the lofted sediment may actually be 
produced from the interdune corridors where friable diatomite deposits are exposed 
(Warren et al., 2007). There are some aeolian sand deposits in the eastern Great Basin 
(Jewell and Nicoll, 2011), but these do not seem to significantly impact dust transport. 
Some of the source areas have aeolian sand deposits upstream, which may help to loft 
dust sized particles in source areas due to saltation bombardment from the sand sized 
grains. No plumes were seen originating directly from aeolian sand deposits. 
 Alluvial and fluvial source areas were not found to contribute a large amount of 
dust plumes in the eastern Great Basin. However, these are significant sources in other 
dust producing region worldwide, including the Lake Eyre Basin of Australia, the Gobi 
Desert of China, and the Mojave Desert in the United States (Wang et al., 2006, 2008; 
Bullard et al., 2008; Sweeney et al., 2011, 2013). In the Mojave Desert, most of the sand 
and silt that comprise the Av soil horizons (topsoil with vesicular pores) below desert 
pavement surfaces is sourced from alluvial sediments, which cover nearly 60% of the 
land surface of the region, instead of playas, which cover only about 1% of the surface 
(Sweeney et al., in press). Alluvial areas have the potential to produce dust if they have a 
supply of dust sized particles that is replenished by flood events or weathering of larger 
particles. The Gobi Desert of China is characterized by dust transport from alluvial areas 
between the high elevation mountains and low elevation playas, possibly originating from 
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sediment rich wadis in this intermediate region (Wang et al, 2006, 2008). Similarly, the 
alluvial channels that move downward into the internally drained Lake Eyre Basin, 
Australia produce more than 25% of the dust plumes in this region (Bullard et al. 2008). 
Dust emission from alluvial and fluvial geomorphic types can be enhanced by the wide 
variety of grain sizes present; loose sand can bombard smaller sized sediments that are 
lofted and then remain suspended in the air stream (Shao et al., 1993; Sweeney et al., 
2011). While numerous source areas in the eastern Great Basin have alluvial-fluvial 
features, these do not contribute a large amount of dust that is evident as plumes, except 
in disturbed areas such as the Milford Flat Burned Area (Table 3.3). 
 
3.6.2 Natural and anthropogenic factors affecting dust transport 
 Determining whether the origin of transported dust is natural or anthropogenic is 
important, both in terms of land management and for global change studies. In most 
regions, land cover classification is used to assess the degree of anthropogenic activities 
on dust transport, because land cover types such as cultivated crops and built 
environments are anthropogenic, and cover types such as barren, shrub/scrub, and 
grassland are categorized as natural. In considering the dust source areas of the eastern 
Great Basin, the key land cover types, barren and shrub/scrub, would normally be 
considered natural sources. However, much of the vegetated landscape in this region has 
undergone conversion from shrubland and perennial grassland to increasingly dominant 
annual grasses, primarily resulting from cheatgrass invasion (Knapp, 1996). This 
conversion alters the fire cycle and can further result in longer periods of the year when 
portions of the soil surface are bare of vegetation. It is also, notable that most dust 
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production areas in this study region are influenced by human activities, including 
military range testing, fire disturbance, postfire rehabilitation efforts, and water diversion. 
 The largest dust source area, the Great Salt Lake Desert-Dugway Proving Ground, 
is an active military test and training range. While the details of specific activities are not 
available to the public, some known operations on site include military training, ATV 
operations, weather station maintenance, weapons detonations, and testing of chemical 
and biological agents. Such operations in the Great Salt Lake Desert have the potential to 
damage or destroy land cover and surfaces (e.g., Gill, 1996; Goossens and Buck, 2009), 
including any physical and biological soil crusts that are particularly vulnerable to 
decreased threshold friction velocities (Belnap and Gillette, 1997). A range of activities 
in this dust source area likely contribute to dust production. 
 The recent invasion of cheatgrass predisposed the Milford Flat area to fire 
disturbance; after the 2007 wildfire, numerous postfire land reclamation and seeding 
techniques exacerbated dust transport from this area (Miller et al., 2012). Across the 
American West, human caused disturbance has favored invasive cheatgrass, which has 
dynamically changed the fire regime across the Great Basin (D’Antonio and Vitousek, 
1992; Sankey et al., 2009b, 2012d). Cheatgrass replaces local native grasses; because this 
invasive is a highly flammable fuel, fires in the Great Basin now tends to burn more 
often, spread faster, and disturb larger geographic areas in the landscape. Such burned 
areas have a strong propensity for dust emission as compared to similar unburned 
landscapes that retain native grasses and shrubs (Sankey et al., 2009a, 2010, 2011, 2012b, 
2012c). 
 Following the 2007 Milford Flat fire, dust and sand deflation and deposition was 
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observed in the burned area (Figs. 3.4; 3.7). Miller et al. (2012) found that sediment flux 
downwind from burned plots that were subjected to rehabilitation treatments from 
October 2007-2010 was larger than the flux from burned plots that were not treated 
similarly. This study concluded that the treatments administered “exacerbated rather than 
mitigated wind erosion” during the study period of one to three years during the postfire 
interval (Miller et al., 2012 and references therein). Fig. 3.7 depicts the large amounts of 
deflation and deposition in the MFBA in July 2010, still occurring three years after the 
fire. Soils with a high proportion of small particles are more prone to wind erosion 
following natural or anthropogenic disturbance; many of the soils in this region were lake 
bottom sediments from Lake Bonneville and therefore have a large fraction of fines 
(Gilbert, 1890). Miller et al. (2012) also found that vegetation did begin to establish near 
the end of the study period in July 2010, but it consisted primarily of exotic annual plants, 
and not manually seeded perennial plants that were part of the reclamation effort. 
Regional scale analysis throughout the Great Basin and Columbia Plateau has found that 
postfire seeding did not reduce the time window of bare ground to established vegetation 
(Sankey et al., 2013). Therefore, the Milford Flat Burned Area has been affected by three 
distinct anthropogenic influences: exotic cheatgrass invasions, fire effects, and postfire 
rehabilitation treatments, all of which enhance soil disturbance and dust production (Fig. 
3.7). 
 The Sevier Dry Lake, which is an ephemeral stream and terminal lake system in 
central Utah, has had significant changes to its hydrology due to intensive agricultural 
water use of the Sevier River, similar to other terminal water systems in the southwestern 
US (Gill, 1996). Agricultural use of the Sevier River began around 1850, when Mormon 
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pioneers settled the region (SRWUA, 2012). Water use of the Sevier River began with 
direct diversion from the river, and by 1900 construction of dams and canal systems had 
begun. There are now seven reservoirs along the Sevier River with a combined capacity 
of over 480,000 acre-feet. During the Holocene, the Sevier Dry Lake was inundated, and 
in the mid-1800s had a surface altitude of 1379.5 m (Oviatt, 1988). However, from 1880 
until 1982, the Sevier Dry Lake was essentially dry. Two inundation events, one in 1982-
1985 and another in 2011-2012, were caused by abnormally high runoff from mountain 
snowpack (Oviatt, 1988; LANCE, 2012). Diversion of water for agriculture has 
contributed to the drying of the Sevier Dry Lake. However, hydroclimatic changes may 
be an influential factor as well. The drying of the Sevier Dry Lake has clearly contributed 
to significant dust production over this study period. 
 
3.6.3 Forecasting eastern Great Basin dust storms 
 Detailed information on the meteorological conditions (Hahnenberger and Nicoll, 
2012) and dust source areas identified in this study have specific implications for an 
improved forecast and warning system for dust storms in the eastern Great Basin. We 
define a dust storm as any event with strong winds, which transport dust downstream of 
regional source areas. We present suggestions for a forecasting system for this region that 
would involve five main components: synoptic weather forecasts, drought and 
disturbance monitoring, hourly surface weather observations, satellite data, and air 
quality monitoring. 
 First, synoptic weather forecasts would assess the potential for strong prefrontal 
winds in the eastern Great Basin. These forecasts can be generated four to five days in 
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advance using standard regional meteorological weather forecast models, and would be 
potentially the most accurate for dust storm forecasting in the one to three day prior time 
range. Next, forecasters would identify the status of drought or wetness in the region 
using the Palmer Drought Index from NOAA, which would inform the likelihood for 
significant dust transport beyond the threshold PDI value of -2. Additionally, a log of 
regional disturbance events including fire, documented overgrazing, or large construction 
projects would be kept as potential new and active dust sources. If the forecaster 
determined that dust transport was likely, they would indicate this in their forecast, giving 
the general public advance warning of dust storm development and potential impacts at 
specific locales. 
 On the day of the potential prefrontal wind event, forecasters could monitor 
surface weather stations near the source regions, to determine if wind speeds are 
exceeding the expected threshold velocities in the eastern Great Basin. Realtime satellite 
data acquired from the MODIS sensor on both the Aqua and Terra satellites could be 
analyzed to detect if any dust plumes are present, and for very large events, dust plumes 
may also be visible on geostationary satellite data as well. Realtime monitoring of PM10 
and PM2.5 values at air quality monitoring stations in the populated regions of Utah could 
indicate the arrival of a dust storm and associated reduction in air quality. Additional air 
quality monitoring stations in the rural regions with active dust sources is recommended 
as they would aid in early warning of dust events and quantification of the impact of dust 
on air quality degradation in Utah. Further, webcam networks could be utilized to 
monitor decreases in visibility in areas that do not have surface weather stations with 
visibility sensors. 
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 An improvement to the forecasting system we envision would be networked 
webcams and air quality monitoring stations placed in the dust source regions that would 
provide high resolution temporal data and actual pictures. This would improve realtime 
forecasting, and would also provide a much more detailed and comprehensive view of 
dust production in these regions at local scales, which is more useful than what can be 
observed from satellite data. Limitations and challenges with this proposal are that, first, 
most of these regions are very remote and lack established power and communication 
infrastructure, and, second, some of the dust source regions cover very large spatial areas, 
requiring several webcams for a sufficient spatial coverage. 
 An improved dust storm forecasting system could supplement current protocols at 
the Weather Forecast Offices of the National Weather Service and the Department of 
Transportation, which would help inform transportation professionals and the general 
public to better prepare for dust storm events. There are two heavily used federal 
highways dissecting this dust transport region in the eastern Great Basin, and actions such 
as road advisory signs warning of dust and visibility degradation could be put in place for 
real time advisories. Precautions could be taken on roads and at airports, and sensitive 
populations could remain indoors to limit exposure to elevated levels of particulate 
matter. While dust storms in the eastern Great Basin are not as large or as severe as the 
biggest dust producing regions of the world, they impact one of the largest and fastest 





3.7. Conclusions and implications 
 Recent studies have described the dominant meteorological controls on dust 
production from the eastern Great Basin region (Hahnenberger and Nicoll, 2012). Large 
regional scale dust storms occur in the eastern Great Basin four to five times per year and 
degrade visibility and air quality in the most populated regions of Utah. Using high 
resolution datasets over a multiyear time period, we identify and characterize specific 
dust producing source areas in this region, and relate dust production to drought and 
disturbance. 
 Analysis of MODIS satellite data of the eastern Great Basin during 16 dust event 
days from 2004-2010 identified dust plumes emanating from four primary source areas, 
and five secondary source areas. Barren land cover produced 60% of dust plumes 
observed. Of the vegetated land cover areas that produce dust, 75% of the plumes 
originated in areas burned by the 2007 Milford Flat fire. Many of the dust source regions 
in the eastern Great Basin contain ephemeral lakes or playas that are remnant features 
from Pleistocene Lake Bonneville. Two of the dust producing areas, the Great Salt Lake 
Desert-Dugway Proving Ground and Sevier Dry Lake, are particularly influenced by 
anthropogenic activity, including military operations and agricultural water use. 
 The area burned by the 2007 Milford Flat fire has been an important dust source 
area since 2008; this was the largest wildfire recorded in Utah history, with an extensive 
burn area due to the presence of highly flammable invasive cheatgrass. The portion of the 
burned area (MFBA) that was subjected to numerous postfire land treatments and seeding 
did not significantly rehabilitate the environment (Miller et al., 2012), because persistent 
drought conditions did not permit recruitment of vegetation. Ironically, the rehabilitation 
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treatments, which included chaining and drill seeding, created more dust production than 
on the untreated burned landscape, as evident by the high number of plumes we detected 
in this region of Utah since 2008. It is important that land managers consider the 
hydroclimatic setting of the region as well as the surface and soil characteristics of the 
landscape prior to rehabilitation efforts. In locations with surfaces that are susceptible to 
wind erosion, further disturbance will likely increase the effects of wind erosion, relative 
to leaving the landscape to recover naturally, or using alternative treatments such as 
erosion fences (Goossens and Buck, 2009; Miller et al., 2012). 
 Variations in drought and wet periods control the amount and severity of dust 
production, especially on the dry lake and playa dust sources in the eastern Great Basin 
region. A drought period lasting from 2007-2009 produced the majority of dust plumes 
identified during the entire study period, though we see a lag of approximately one year 
between the onset of drought and the onset of significant dust production. A PDI value of 
-2, indicating moderate drought, seems to be the threshold value for significant 
generation of dust plumes. The distribution of dust plumes in the eastern Great Basin 
landscape illustrates that the region is not a uniform emitter of dust, but has distinct 
geomorphic areas of generation and some “hot spots” in which plumes reactivate during 
droughts. This aids in dust event forecasting, as the majority of dust transport occurs from 
distinct source areas in the region, and is not dispersed across the larger region. 
 The relevance of this study for future work includes numerical modeling 
applications of dust transport and mesoscale forecasting and warning of dust storms. 
Although many efforts to model dust transport have been undertaken from a global to 
local scale, one of the prevailing uncertainties is the identification of land surfaces that 
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act as dust sources at sufficient wind speeds (e.g., Yin et al., 2005; Rivera Rivera et al., 
2009; Seigel and van den Heever, 2012; Tegen and Fung, 2012). Modeling schemes often 
use prescribed threshold velocities for different land cover types, but these are often static 
and do not take into account disturbance events or other influences on the susceptibility 
of a land surface to dust production. The significant dust contributions from the 2007 
Milford Flat fire scar in Utah highlights the need for a more dynamic and local approach 
that takes into account disturbance events and the identification of dust sources at high 
resolution to inform accurate models of dust transport. 
 Dust storms degrade visibility and air quality, and can detrimentally impact the 
health and safety of the population downwind (Rivera Rivera et al., 2009; Hahnenberger 
and Nicoll, 2012). Our observations about dust storms in the eastern Great Basin can 
inform forecasting of the onset of dust storm events, and can help develop useful warning 
systems of value for transportation systems and the general public health. Further work is 
necessary to understand the composition of the dust contributed from each dust source in 
this region, as well as to accurately measure the flux of dust emitted. 
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Table 3.1: Meteorological and air quality station data. 
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1306 490353006 1675 S. 600 E., 
Salt Lake City 
Lindon – LN 40.34/ 
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Table 3.2: Air quality and wind data for all DEDs with analyzed plumes. Twenty four 
hour particulate matter (PM) values are reported in μg/m3, for both PM10 and PM2.5. 
Winds are the maximum speed and direction recorded between the times of the Aqua and 
Terra satellite overpasses (1000-1500 MST), with wind speed reported in m/s. For station 
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Table 3.3: Observed plume regions. For geographic location of each region see Figure 
3.2. Number and percent of plumes based off all plumes identified from 2004-2010 
(n=168). Elevation ranges were estimated using Google Earth. Geomorphic features were 
identified from MODIS satellite data, Google Earth, and personal field experience. Land 
cover was identified using the National Land Cover Database 2006. Soil texture was 
identified using the NRCS Soil Survey Geographic (SSURGO) Database. 
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Figure 3.1: Regional map of the hydrographic Great Basin with important locations 








Figure 3.3: Dust plumes described by source location with abbreviations as follows. Pot 
Playas (PP), Skull Valley (SV), Beryl-Zane (B-Z), Wah Wah Valley (WWV), Beaver 
Bottoms (BB), Tule Dry Lake (TDL), Sevier Dry Lake (SDL), Milford Flat Burned Area 
(MFBA), and Great Salt Lake Desert-Dugway Proving Ground (GSLD-DPG). A: 
MODIS Terra imagery during dust event on 3 March 2009, with plume source locations 
indicated by red dots. B: number of plumes categorized by source area, for each DED 
analyzed (n=168). C: number of plumes, categorized by source area for 3 March 2009, 




Figure 3.4: Summary of drought, DEDs, and dust plumes during the study period. A: 
monthly values of the Palmer Drought Index for western Utah from 2004-2010. B: 
number of DEDs each month from 2004-2010. C: Number of dust plumes identified on 





Figure 3.5: National Land Cover Database (Fry et al., 2011) classifications of study 




Figure 3.6: Number of dust plumes observed, categorized by soil texture class (n=168) 




Figure 3.7: Photographs of wind erosion in the Milford Flat Burned Area. A: photo of 
deflation at Milford Flat Burned Area, July 2010. B: photo of sand dune formation along 
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CHEMICAL COMPARISON OF DUST AND SOIL FROM THE 
 





 This study aimed to characterize differences between dust and soil samples at a 
dust source in the eastern Great Basin of Utah, U.S.A. Dust and soil samples were 
collected from the Sevier Dry Lake, a known dust producing playa in this region. 
Samples were resuspended in the laboratory and collected using an 8-stage Davis 
Rotating-drum Universal-size-cut Monitoring (DRUM) impactor. Collected samples were 
analyzed for elemental concentration using Synchrotron X-Ray Fluorescence (SXRF). 
Element concentration was normalized and analyzed for enrichment relative to major soil 
element Al. Dust and soil samples contain similar enrichments of major soil elements 
including Si, Fe, Ca, K, Mg, and Ti. However, dust samples were significantly more 
enriched in Na derived from the surface salts of the Sevier Dry Lake. Trace elements 
were generally more enriched in dust samples and had larger enrichment values (up to 
10
5
) than seen in previous studies. Further, for dust and soil samples, the fine fraction 
(<2.5 μm) was more enriched in trace elements than the coarse fraction (2.5 to 10 μm). 
Composition of dust transported locally, regionally, and globally has influences on 
112 
human health, ecosystem functioning, and biogeochemical cycling. 
 
4.2. Introduction 
 Dust composition has distinct implications for nutrient loss in source areas, 
nutrient inputs in deposition areas, human health, and microphysical activity in clouds 
(e.g., Reynolds et al., 2007; Malek et al., 2006; Reheis, 2003, 2006). The reservoirs and 
fluxes of major and trace elements in numerous biogeochemical cycles can have 
significant alteration with inputs of foreign dust (e.g., Ballantyne et al. 2011). These 
chemical inputs to sensitive ecosystems can have cascading effects throughout the trophic 
structure, influencing primary productivity and ecosystem health (e.g., Okin et al., 2004; 
Jickells et al., 2005). Further, variations in the composition of dust, particularly between 
hygroscopic and hydrophobic particles can change their microphysical activity in clouds, 
which has implications for both regional and global climate (e.g., Rosenfeld et al., 2001). 
Finally, elevated particulate matter levels from dust storms can have acute and chronic 
health impacts, and these can be exacerbated by the presence of toxic or carcinogenic 
elements or minerals in the dust stream (e.g., Griffin and Kellogg, 2004). While 
composition of dust has important implications in many consequences of dust transport, 
there has been little research into the composition of dust in the eastern Great Basin of 
Utah, U.S.A. 
 The eastern Great Basin of Utah has numerous well defined dust sources which 
emit dust that is subsequently transported downwind to the populated regions of Utah 
(Fig. 3.1) (Hahnenberger and Nicoll, 2014). One of the major dust sources directly 
upstream of the Salt Lake City Metropolitan area is the Sevier Dry Lake, located 
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southwest of Delta, UT, between the Cricket Mountains to the east, and the Black Hills to 
the west (Fig. 4.1). 
 Previous dust sampling in the region has included 25 Big Spring Number Eight 
(BSNE) Wind Aspirated Dust Samplers (Custom Products and Consulting 2010) (Fig. 
4.2) in the low elevation region of the Milford Flat fire scar west of Fillmore, UT at an 
elevation of 4800 feet in the summer of 2008 (Miller et al., 2012). They found a large 
spatial variation in dust flux; certain “hot spots” have very high dust fluxes, while other 
nearby sites exhibit elevated, but more modest fluxes. The “hot spots” are locations with 
both preferable wind patterns (located downstream of mountain gaps, allowing higher 
winds speeds) as well as ineffective revegetation techniques implemented by the Fillmore 
Bureau of Land Management (BLM). Some of these revegetation techniques such as 
drilling, chaining, and use of herbicides, have actually had limited success in vegetation 
growth and produce more dust than areas that were not treated. 
 Previous studies have identified the Sevier Dry Lake as one of the main “hot 
spots” of dust production in the eastern Great Basin (Hahnenberger and Nicoll, 2012; 
Hahnenberger and Nicoll, 2014). The eastern Great Basin is not a uniform producer of 
dust; deflation of surface material occurs preferentially from barren playa surfaces and 
disturbed regions such as the Milford Flat fire scar, described above. While there has 
been some limited previous work on the composition of brines, salt crust, and sediments, 
in relation to potential mineral resource extraction, there has been no detailed analysis of 
dust produced from this region (Gwynn, 2006). 
 In this study we quantify the geochemistry of dust and soil at the source location 
of the Sevier Dry Lake. Dust and soil samples were obtained in the field, dried, and 
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resuspended in the lab. Suspended dust was separated by size in an 8-stage Davis 
Rotating-drum Universal-size-cut Monitoring (DRUM) impactor and collected on Mylar 
strips, which were subsequently analyzed with Synchrotron X-Ray Fluorescence (SXRF), 
to resolve elemental composition. This detailed study of size resolved elemental 
composition has implications for air quality in the populated regions of Utah, ecosystem 
ecology in the mountain watersheds of the Wasatch Range, and potential microphysical 
activity of suspended dust in clouds. 
 
4.3. Methods and materials 
4.3.1 Dust and soil sample collection 
 Dust samples were collected using 8 Big Spring Number Eight (BSNE) Wind 
Aspirated Dust Samplers (Custom Products and Consulting, 2010) (Fig. 4.2), which are 
designed to collect airborne particulate material. The BSNE has a vertical opening 2 cm 
wide and 5 cm high. The top of the sampler has a 60 mesh screen that allows air to exit, 
while collected material remains in the sampler tray below. The sampler has a tail with a 
metal fin that acts to direct the sampler into the wind. Samplers are mounted onto round 
poles (half inch steel EMT pipe), and are allowed to freely rotate into the wind. BSNE are 
passive samplers and will collect airborne material that is lofted and transported with the 
wind during periods of sufficient wind speeds. The BSNE has an absolute efficiency of 
85 to 95%. However, efficiency is reduced for higher wind speeds and smaller particle 
sizes (Mendez et al., 2011). 
 A total of 8 BSNE dust samplers were installed in the vicinity of the Sevier Dry 
Lake during March 2011 (Table 4.1 and Fig. 4.1) to characterize the dust flux and 
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composition from that region. Dust samplers were sited on the north, east, and west sides 
of the Sevier Dry Lake (Fig. 4.1). Attempts were made to site the samplers as close to the 
edge of the lake as possible. However, due to limited existing roads and restrictions on 
off road travel, some sites are several miles from the lake surface. One additional site is 
located to the south of the Sevier Dry Lake to assess possible dust flux from the Wah 
Wah Valley hardpan. Each site had a collector at 1 and 0.5 m with some sites having an 
additional collector at 0.15 m. Dust samples, from the BSNE dust samplers, were 
collected in July 2011 and March 2012 and stored in sterile whirl pak sampling bags. 
 Additionally, surface soil samples from the Sevier Dry Lake were collected in 
March 2012 to compare particle composition with dust from the BSNE dust samplers. 
Soil samples of approximately 0.5 L were collected from the top 1 cm of the soil column 
using a gardening trowel and stored in sterile whirl pak sampling bags. Comparison of 
dust and soil samples will provide insight into the type and size of particles that are 
preferentially lofted from the Sevier Dry Lake. Surface soil samples were collected from 
the same site locations as the BSNE samplers (Fig. 4.1), and were collected in March 
2012. 
 
4.3.2 Laboratory resuspension and chemical analysis 
 Dust and soil samples were resuspended in the lab using a closed chamber and air 
puff method, also known as fluidization (Gill et al., 2006). Dust and soil samples were 
dried using a hot plate and beaker. A mass of each soil or dust sample of 0.2 g (unless 
only a smaller amount was available from collection) was measured into a glass fixture. 
The fixture had a top input for blown air and a side output into the resuspension chamber. 
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A uniform puff of air was allowed to flow into the fixture for 120 s, allowing the 
suspended sediment to flow into the resuspension chamber. At that time the puff of air 
was ended, the air intake of the 8-stage rotating Davis Rotating-drum Universal-size-cut 
Monitoring (DRUM) sampler was turned on for 900 s. The suspended sediment was 
allowed to move into the PM10 inlet to a DRUM sampler, described below. 
 Resuspended dust and soil was collected with an 8-stage rotating Davis Rotating-
drum Universal-size-cut Monitoring (DRUM) impactor and analyzed with Synchrotron 
X-Ray Fluorescence (SXRF) (Perry et al., 2004). Particles enter the instrument and are 
separated into 8 unique size bins (1: 10-5 μm; 2: 5-2.5 μm; 3: 2.5-1.1 μm; 4: 1.1-.75 μm; 
5: .75-.54 μm; 6: .54-.36 μm; 7: .36-.24 μm; 8: .24-<.09 μm), based on their aerodynamic 
diameter using vertical slots of varying widths. The particles are deposited onto a greased 
(1% Apiezon Type-L dissolved in toluene) Mylar substrate, which is rotated beneath the 
slots. This instrument provides size resolved measures of particulate matter, which is later 
analyzed by removing the substrate and analyzing for elemental composition, in a range 
from sodium to lead, using SXRF. Element concentrations on the substrate are analyzed 
and reported in ng cm
-2
. 
 Synchrotron X-Ray Fluorescence (SXRF) is an active analysis technique using 
synchrotron radiation to obtain and x-ray emission spectrum from the substance being 
analyzed (Jones et al. 1988). The SXRF analysis provides a continuous elemental 
analysis along the collection strip. To extract element concentrations associated with 
resuspended dust, peaks in Fe were used. The greased Mylar substrate contains Ca, so 
this element has a large background concentration that can lead to uncertainty in its 
analysis. Further, for some trace elements, concentrations are near the detection limit of 
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the analytical technique and can have large uncertainty to concentration ratios. Finally, 
for some elements that have strong peaks in the x-ray emission spectrum, such as Fe, may 
overtake the peaks of nearby elements and lead to incorrectly analyzed concentration 
values. 
 
4.3.3 Analytical techniques 
 Initial analyses of the chemical composition of the dust and soil samples indicated 
that within each group only small differences were seen by sample height for the dust 
samples and by sample location for the dust and soil samples. Further, when positive 
matrix factorization analysis was done on the samples it indicated only two sources, 
namely dust and soil. Therefore, for all following analyses all dust samples were grouped 
and all soil samples were grouped. 
 Three size groups were used for analysis and were chosen to be comparable to 
data from previous studies. First, the “PM10” grouping contains all eight stages from the 
DRUM impactor and includes all sizes less than 10 μm. This size range is analogous to 
air quality measurements of PM10. The second group, termed “coarse” material, consists 
of only the largest two stages from the DRUM impactor and includes sizes greater than 
2.5 μm and less than 10 μm. The third group, termed “fine” material, includes the 
smallest six stages from the DRUM impactor and includes all sizes less than 2.5 μm. 
 Samples were additionally grouped by “major” and “trace” elements. “Major” 
elements are those which constitute the majority of the sample and include Si, Al, Fe, Ca, 
Na, K, Mg, and Ti. These are all elements that typically have large concentrations in 
soils. The remaining elements which constitute the minority of the sample are termed 
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“trace” elements for analysis. 
 Elemental concentrations were normalized relative to elemental concentrations in 
upper continental crust (UCC) to provide consistency of analysis for comparison with 
previous research (Wedepohl, 1995; Lawrence and Neff, 2009). The resulting normalized 
values are termed enrichment factors (EF) as they indicate if the sample being analyzed 
has relatively high or low concentrations of certain elements relative to an average upper 
continental crust. Values for element concentrations in upper continental crust are 
averages taken from many sources, and are reported in relative concentrations (usually 
reported in ppm). This normalization is usually done relative to one of the major soil 
elements, such as Al, Si, K, Ti, and Fe. Sensitivity analyses were completed by 
calculating enrichment factors using each of these five elements. No large differences 
were seen using each element, so Al was chosen for consistency with previous research. 
The following equation was used to calculate enrichment factors (EF) for all elements in 
all samples 
EFX = [CX(sample)/CAl(sample)]/[CX(UCC)/CAl(UCC)] 
where EFX is the enrichment factor for element X, CX is the concentration of element X 
in the sample or upper continental crust, and CAl is the concentration of Al in the sample 
or upper continental crust. 
 Enrichment factors can help determine if samples are enriched in certain 
elements, and are useful in comparing samples from different regions or sampling 
techniques. The technique is limited, however, in that small changes in the concentration 
of some trace elements can lead to very large changes in the enrichment factor, since the 
concentrations of these elements in UCC is very small (Wedepohl, 1995). 
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 Statistical comparison of samples was completed using the nonparametric 
Wilcoxon-Mann-Whitney rank-sum test (Wilks, 2006). This nonparametric statistical test 
was used because it does not use the assumption that the data conforms to a certain 
distribution. Tests for sample independence were considered statistically significant if p 
values were less than 0.05 (5% confidence level). 
 
4.4. Results 
 For most elements we see greater enrichment factors for dust samples compared 
to soil (Fig. 4.3). The only exceptions to this are for major elements Si, K, Ca, Mn, and 
Fe, however, the differences are not statistically significant (Table 4.2). Enrichment 
factors for dust and soil samples are generally above 1, indicating that the samples 
contain relatively more of most elements compared to UCC. The highest enrichment 
factors are for the trace elements in the dust samples. 
 When comparing the coarse and fine fraction for the dust samples we find that for 
all elements that showed significant differences, the fine fraction had greater mean 
enrichment factors than the coarse (Fig. 4.4). Most major elements did not have 
significant differences in the coarse and fine fraction (Table 4.2). For soil samples, none 
of the major elements showed significant differences between the coarse and fine 
fractions. For the trace elements that were significantly different the mean enrichment 
factor for the fine fraction was greater than the coarse, similar to the dust samples. 
 For the coarse fraction, Na is the only element that had significant differences in 
enrichment factor between dust and soil samples (Fig. 4.5a and Table 4.2). The mean 
enrichment factor of Na in the dust samples was an order of magnitude greater than in 
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soil samples. Most major elements had enrichment factors near a value of 1 for both dust 
and soil samples, except for Ca, Mg, and Na (dust only). The fine fraction results are very 
similar, though the enrichment factors for Si and Ti were also found to be significantly 
different for dust and soil samples (Fig. 4.5b and Table 4.2). However, the mean values 
for dust and soil for Si and Ti are very close, compared to Na which had a great 
difference in mean enrichment factors for dust and soil in both the coarse and fine 
fraction. 
 For the trace elements, dust samples were generally more enriched than soil 
samples in both the coarse and fine fractions (Fig. 4.6a & 4.6b). Most of these differences 
were significant for the coarse fraction, with almost all being significant for the fine 
fraction (Table 4.2). Mean values of the enrichment factor for dust and soil samples were 
similar between the coarse and fine fractions and generally ranged from 1 to 10
4
 (Fig. 
4.6). This indicates that the trace elements are very enriched in soil and particularly dust 
samples compared to UCC. 
 
4.5. Discussion 
 While some work has been done on the brines of the Sevier Dry Lake, and their 
potential as a mineral resource, there has been very little analysis of the surface sediments 
and salt crusts of the playa (Gwynn, 2006). Two analyses of the salt crusts at the center 
and margin of the Sevier Dry Lake were completed in 1880 by Johnson and Russell 
(Gilbert, 1890). They found that at the surface salt crusts were primarily composed of 
sodium sulfate (Na2SO4), sodium chloride (NaCl), magnesium sulfate (MgSO4), and 
sodium carbonate (Na2CO3). The abundance of sodium bearing salt at the surface of the 
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Sevier Dry Lake is consistent with our results of high Na content in dust samples 
collected in this region. 
 Mineralogical studies of Sevier Dry Lake sediments have determined that a 
variety of mineral types are present, including halite (NaCl), gypsum (CaSO4·2H2O), 
calcite (CaCO3), aragonite (CaCO3), glauberite (Na2Ca(SO4)2), thenardite (Na2SO4), and 
dolomite (CaMg(CO3)2) (Guven and Kerr, 1966; Hampton, 1978; Gwynn, 2006). Here, 
again, we see many mineral forms containing Na but few containing Cl, which coincides 
with our result of enriched values of Na, but not Cl. We also found large increases in S 
from soil to dust, which is supported by the large number of sulfur containing compounds 
found in previous mineralogical work. 
 Only one previous study has completed elemental analysis of surface material 
from the Sevier Dry Lake (Glanzman, 1977). Concentrations of major soil elements are 
quite similar to our analysis of soil samples. Concentrations of trace elements are 
generally lower than in our soil samples, which may be a result of actual differences in 
concentration, soil sample site selection, or differences in analytical technique as we 
analyzed only particles of 10 μm and less. However, the analysis by Glanzman (1977) 
was only semiquantitative and relied on only six samples. 
 Elemental analysis of dust samples has been completed in many locations 
throughout the world, however, with widely varying sampling methods and analytical 
techniques. This makes it challenging to directly compare datasets (Lawrence and Neff, 
2009). However, despite these differences, previous elemental analysis of dust samples 
showed relatively constrained ranges for enrichment factors. In general, our dust samples 
tend to fall outside many of these ranges. In our analysis of trace elements we found large 
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enrichment values, one to four orders of magnitude greater than UCC. However, 
Lawrence and Neff (2009) report the largest enrichment value of 14 for Cr in their review 
of previous analyses. Therefore, our dust and soil tend to be more highly enriched in trace 
elements than previous reported dust samples. This can have implications in deposition 
locations, as dust interacts with a variety of ecosystem types. 
 Further, in our analysis, fine particles were generally more enriched in trace 
elements relative to larger sizes. These fine particles have the potential for medium to 
long range transport as they are less likely to fall out of the air stream (McTainsh et al., 
1997; Mori et al., 2003). Therefore, it is these smaller particles that are more likely to 
deposit and impact air quality further downstream. The increased enrichment of trace 
elements in these fine particles has potential implications for biogeochemical cycling in 
deposition ecosystems (Reynolds et al., 2006; Carling et al., 2012; Reynolds et al., 2013) 
as well as on how air quality may be impacted and its resulting effects on human health 
(Hahnenberger and Nicoll, 2012; Goudie, 2014). 
 In a deposition region downstream of the Sevier Dry Lake dust samples were 
collected from snowpack in the Wasatch mountains (Carling et al., 2012). Enrichment 
factors for major soil elements are similar to results in this study with the exception of 
Na. While we found elevated levels of Na in our dust samples, Carling et al. (2012) found 
Na to be depleted in dust layers compared to the total snowpack. This may result from 
this deposition area receiving most of its dust from the Milford Flat Burned Area and not 
from the Sevier Dry Lake during the years sampled (Miller et al. 2012; Hahnenberger and 
Nicoll, 2014). The solubility of Na and the technique of sampling from a snowpack may 
also explain the differing results seen in our study and in Carling et al. (2012). For trace 
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elements our results generally similar or larger enrichment values for most elements. 
 
4.6. Conclusions 
 Composition of dust transported locally, regionally, and globally has influences 
on human health, ecosystem functioning, and biogeochemical cycling. This study aimed 
to characterize differences between dust and soil samples at a dust source in the eastern 
Great Basin of Utah, U.S.A. The Sevier Dry Lake is a remnant playa from ancient Lake 
Bonneville, which regularly produces dust during strong southerly wind events preceding 
spring cyclonic storms. 
 Dust and soil samples contain similar enrichments of major soil elements 
including Si, Fe, Ca, K, Mg, and Ti. However, dust samples were significantly more 
enriched in Na, which is associated with halite crystals which form on the surface of the 
Sevier Dry Lake. Trace elements were generally more enriched in dust samples and had 
larger enrichment values (up to 10
5
) than seen in previous studies. Further, for both dust 
and soil samples the fine fraction (<2.5 μm) was more enriched in trace elements than the 
coarse fraction (2.5 to 10 μm). 
 The enrichment of dust samples in certain elements has particular importance for 
both ecosystem functioning and human health. First, the depositions of foreign dust into 
fragile ecosystems, such as wetland, mountain lakes, and high alpine zones, can have 
distinct impacts on ecosystem functioning and may alter biogeochemical cycling through 
numerous trophic levels. Further, high concentrations of elementals known to be 
detrimental to human health, such as Cr, As, Pb, and Ni, can exacerbate the impacts of 
high particulate matter levels during dust storm events. 
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Table 4.1: Site information for dust and soil samples. 
Site 
Number 




1 N of Sevier Dry Lake 39.140 -112.912 
2 N of Sevier Dry Lake 39.150 -112.982 
3 East Central shore of Sevier Dry Lake 38.918 -113.077 
4 E of Sevier Dry Lake 38.905 -113.054 
5 South East shore of Sevier Dry Lake 38.831 -113.138 
6 NW of Wah Wah Valley Hardpan 38.679 -113.340 
7 Needle Point, W shore of Sevier Dry Lake 38.904 -113.160 
8 N of Sevier Dry Lake 39.144 -113.058 
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Table 4.2: Statistical results (p-values) from the Wilcoxon-Mann-Whitney rank-sum test 
for dust and soil samples. Results in bold indicate statistically significant result to the 5% 
confidence level (p<0.05). PM10 indicates particle sizes less than 10 μm. Coarse 















vs. DUST Fine 
SOIL Coarse 
vs. SOIL Fine 
Na 1.44E-10 5.39E-10 8.39E-11 5.02E-01 2.65E-01 
Mg 5.68E-02 8.39E-02 5.68E-02 7.27E-01 7.34E-01 
Al 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 
Si 7.53E-02 1.04E-01 4.48E-02 6.55E-01 5.11E-01 
P 1.16E-09 3.26E-09 3.26E-09 4.21E-02 5.76E-03 
S 6.95E-07 1.44E-05 4.70E-07 3.00E-01 3.95E-02 
Cl 1.46E-06 1.93E-05 1.75E-06 5.76E-01 5.41E-01 
K  1.60E-01 1.33E-01 1.84E-01 2.81E-01 4.54E-01 
Ca 8.75E-01 2.38E-01 9.52E-01 4.35E-04 1.64E-01 
Ti 2.00E-03 7.95E-02 2.57E-05 9.92E-05 1.25E-01 
V  1.44E-08 1.89E-05 8.03E-10 5.11E-01 3.46E-01 
Cr 1.44E-08 5.61E-08 2.47E-08 4.61E-04 1.80E-04 
Mn 9.71E-01 1.84E-01 3.13E-01 1.15E-02 7.69E-01 
Fe 5.52E-01 1.68E-01 8.94E-01 4.06E-02 4.01E-01 
Ni 1.44E-05 2.52E-06 5.80E-05 2.64E-02 3.40E-05 
Cu 1.90E-08 2.55E-07 1.09E-08 4.99E-03 4.91E-03 
Zn 1.20E-11 1.20E-11 2.40E-11 4.75E-01 6.46E-04 
Ga 2.28E-10 8.39E-11 1.16E-09 8.23E-01 4.14E-04 
As 7.32E-02 4.22E-01 2.78E-01 9.83E-01 1.00E+00 
Se 5.73E-07 2.29E-05 5.73E-07 2.18E-02 1.56E-04 
Br 1.44E-05 2.22E-05 2.57E-05 3.66E-02 4.10E-03 
Rb 5.26E-03 9.83E-02 1.51E-03 1.41E-02 4.97E-02 
Sr 2.09E-06 2.23E-05 3.49E-06 8.53E-03 1.06E-02 
Y  1.44E-08 2.55E-07 6.09E-09 2.55E-04 1.41E-02 
Zr 2.06E-07 6.61E-05 1.90E-08 8.15E-05 2.96E-03 




Figure 4.1: Map of the Sevier Dry Lake region with BSNE dust and soil sample sites 
indicated. See Table 4.1 for descriptions and locations of sample sites. 
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Figure 4.2: Photo taken from Needle Point (Site Number 7, see Fig. 4.1 and Table 4.1) on 
the Sevier Dry Lake looking east on 19 March 2011. The BSNE sampler at this location 
is seen in the foreground as well as the salt crusted surface of the Sevier Dry Lake. A dust 




Figure 4.3: Box plot of dust and soil enrichment factor for each element for all sizes less 
than 10 μm (PM10). Stars indicate where dust and soil distributions were found to be 




Figure 4.4: Mean values of the enrichment factor for dust (A) and soil (B) for the coarse 
(2.5 to 10 μm) (squares) and fine (less than 2.5 μm) (diamonds) fractions. Stars indicate 





Figure 4.5: Mean values of the enrichment factor for the major elements for coarse (2.5 to 
10 μm) (A) and fine (less than 2.5 μm) (B) fractions for dust (squares) and soil 
(diamonds) samples. Stars indicate where dust and soil distributions were found to be 




Figure 4.6: Mean values of the enrichment factor for selected trace elements for coarse 
(2.5 to 10 μm) (A) and fine (less than 2.5 μm) (B) fractions for dust (squares) and soil 
(diamonds) samples. Stars indicate where dust and soil distributions were found to be 
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 This study is the first detailed analysis of the meteorological, source, and 
chemical characteristics of dust storm events in the eastern Great Basin. This analysis is 
unique as it is interdisciplinary and delves into a variety of scientific expertise in order to 
fully describe this complex process. Dust transport is by its nature an interdisciplinary 
process whose production, transport, and deposition are interrelated with earth, 
atmosphere, and life science. It is critical, therefore, to develop research programs that 
involve researchers across disciplines who are open minded to the variety of implications 
of their work. 
 This study is described in the sections, which each characterize part of the dust 
production and transport process in the eastern Great Basin; the first describes 
meteorological characteristics and drivers, the second analyzes source areas that produce 
this dust, and the third provides chemical analysis of dust from this region and puts this in 
a global and regional context. While each of these studies on its own provide a new and 
valid insight into dust transport in the eastern Great Basin, together they provide a much 
more robust and complete description of these processes and how they fit into the global 
dust production complex. 
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 First, an understanding the meteorological drivers of dust storms in this region is 
developed. We assess the climatology of dust storm events affecting Salt Lake City, Utah 
(SLC), and documented the controls on atmospheric dust generation and transport. Since 
1930, SLC had 379 dust event days (DEDs), averaging 4.7 per year, with elevated PM10 
exceeding NAAQS on 16 days since 1993, or 0.9 per year. Dust storms typically occur in 
spring months during the afternoon. This pattern is associated with strengthening 
cyclonic systems, which are the primary producer of these dust storms. The Great Basin 
Confluence Zone (GBCZ) acts to strengthen these storms just prior to their arrival in the 
eastern Great Basin, located in western Utah. 
 Next, source locations producing dust during these high wind events were 
analyzed. Anthropogenically disturbed areas and barren playa surfaces were identified as 
the primary dust source types that contribute to dust storms in the region. MODIS 
satellite imagery provided a high resolution picture over the region about two times each 
day; on DEDs we analyzed the MODIS data to identify dust plumes, and assessed the 
characteristics of dust source areas. The largest plumes are generally seen during the 
spring and fall months and during moderate or greater drought. Most plumes originate 
from playas, classified as Barren land cover, with a silty clay soil surface. However, 
playa surfaces, while often considered natural dust sources, often have anthropogenic 
disturbances in the eastern Great Basin, including military operations and water 
withdrawal. Disturbance is necessary to produce dust from vegetated landscapes in the 
region, evidenced by the new dust source active from 2008-2010 in the area burned by 
the 2007 Milford Flat fire, which spread rapidly due to high winds, dry vegetation, and 
extensive cover of invasive cheat grass. This area was further disturbed by postfire land 
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treatments like chaining and drilling that actually exacerbated dust production instead of 
abating it. 
 Finally, the elemental composition of dust in the region was characterized. 
Surface soil and dust samples, using passive BSNE samplers, were collected, 
resuspended, and analyzed with SXRF. Dust and soil from the eastern Great Basin are 
distinctly different, and identifiable. Within the dust and soil groups, however, large 
differences are not seen, meaning that specific sample locations cannot be identified by 
their element compositions. Dust and soil from the eastern Great Basin tends to not be 
enriched in most major soil elements, excepting the large enrichment of Na seen only in 
dust. This high amount of Na in dust is likely a result of sodium containing evaporate 
minerals forming on the surface of the Sevier Dry Lake and then eroding from the 
surface. In trace elements, however, very large enrichment values for both dust and soil 
are observed. The enrichment of dust samples in certain elements has particular 
importance for both ecosystem functioning and human health. 
 This work provides an outline for developing improved forecasting and warning 
of dust storms in this region. Elevated particulate levels have direct impacts on human 
health, which may be exacerbated by the presence of elevated levels of toxic minerals 
and elements. While dust storms in the region are generally considered natural 
phenomena, this work purports that most dust sources have distinct anthropogenic 
influences that may act to increase dust production from the region. 
 The first step forward for alleviating human health impacts is to forecast and warn 
for these dust events. The synoptic systems producing this dust can be forecast days in 
advance, and nowcasting of storms can be aided with webcams, visibility sensors, and 
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real time satellite data. The second step for dust storm alleviation is improved land 
management. The most applicable case is to take both climatological and surface 
characteristics into account during postfire land treatments. Current methodologies use a 
“one size fits all” approach that can be catastrophic in certain landscapes, particularly 
when exacerbated by drought conditions. A more dynamic approach is necessary. Other 
land management strategies could include limiting military operations on known dust 
producing areas to alleviate disturbance, revising grazing plans to allow for vegetation 
maintenance, and possibly allowing more water flow into some anthropogenically dried 
playa areas. 
 This holistic and interdisciplinary view of dust transport allows for more 
comprehensive understanding of dust storms in the eastern Great Basin. This study, 
therefore, provides operational personnel, decision makers, and land managers with 
improved guidelines on forecasting, warning, and managing dust storms in this region. 
With improved understanding of these events we can now limit human exposure to 
elevated levels of particulate matter and, therefore, improve human health in the 
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